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Abstract

Using murine models of spontaneous and induced embryo

resorption, we have investigated the role of macrophages in the

mechanism of early embryo loss. The results showed that macrophage

derived nitric oxide was associated with embryo resorption, and that

decidual macrophages could he triggered by lipopolysaccharide (LPS) to

produce nitric oxide, indicating that the decidual mononuclear cells

were primed in situ. Using double immunostaining, we have shown that

macrophages were the cellular source of the inducible nitric oxide

production. We further showed that embryo abortion can he

significantly decreased by inhihiting the production of nitric oxide in

vivo. The results presented strongly suggested a role for nitric oxide as

an effector molecule in mediating early embryo loss and showed that the

in situ activation of decidual macrophages was an early event preceding

spontaneous abortion.

It is known that interferon-y (IFN-y) is the major cytokine

responsible for the priming of macrophages and that LPS can trigger

primed macrophages to produce nitric oxide. Therefore, the observation

that exogenous LPS induced embryo abortion in most strains of

pregnant mice suggested that the decidual macrophages have been
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previously primed in situ. To investigate the raIe of IFN-y as a potential

priming signal for decidual macrophage activation, we studied the effect

of the depletion of IFN-y on LPS induced pregnancy loss. The results

showed that IFN-y deficient mice were more resistant to LPS induced

abortion than control mice. This suggested that IFN-·( was essential for

the priming of decidual macrophages and that decidual macrophages

from IFN-g deficient mice could not he activated when exposed to LPS

both in vivo and in vitro. Our results also showed increased IFN-y mRNA

expression simultaneously in the same embryos that also expressed

elevated iNOS mRNA, a macrophage activation marker. This suggested

that macrophage activation, subsequent nitric oxide production, and

spontaneous embryo 10ss could be a consequence of local IFN-y over

production.

While LPS serves as an exogenous triggering factor, endogenous

TNF-a is known to trigger NO production by primed macrophages.

Therefore, \ve investigated the role of TNF-a, as a second signal, in

rnediating embryo 10ss. Our studies showed that the frequency of

embryos with significantly increased TNF-a mRNA expression

corresponded ta the incidence of rnurine embryo abortion. In addition,

the results showed that increased TNF-a mRNA was simultaneously

expressed \vith iNOS mRNA suggesting a potential role for TNF-a in the

triggering of decidual macrophages.
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In summary, we demonstrated the presence of activated decidual

macrophages in murine placentas, and that inducible nitric axide

produced by these macrophages was responsible for embryo death. We

further showed that IFN-y was responsible for the priming of decidual

macrophages , and that the expression of TNF-a, a potential secondary

signal was associated with decidual macrophage activation, NO

production, and subsequent embryo loss.

IV



-
Abrégé

En utilisant des modèles Murins d'avortement volontaire ou

induit, nous avons étudié le rôle que jouent les macrophages dans la

perte avancée d'embryons.

Les résultats ont montré que les macrophages produisent de

l'oxyde nitrique qui est impliqué dans l'avortement d'embryons. Plus

encore, ces macrophages peuvent être activés par la Lippolysaccharride

(LPS) pour produire l'oxyde nitrique, indiquant que les cellules

mononucleaires ont été pré-activées in situ.

En utilisant l'immunocoloration double, nous démontrons que les

macrophages sont la source cellulaire de la production induite d'oxyde

nitrique provoqué. Nous démontrons aussi que l'avortement des

embryons peut-être diminué de manière significative en inhibant la

production d'oxyde nitrique in vivo.

Les résultats présentés suggèrent que l'oxyde nitrique est une

molécule effectrice qui joue un rôle dans la perte avancée d'enlbryoIi~.

Ces résultats suggèrent aussi que l'activation in situ des macrophages

caducs était un évènement précédant l'avortement volontaire.

Nous savons que l'interferon-y (IFN-y) est la cytokine majeure

responsable de la pré-activation des macrophages. Nous savons aussi

que les LPS peuvent induire des macrophages pré-activés pour produire
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de l'oxyde nitrique. Ainsi, le fait que des LPS externes ont induit

l'avortement des embryons dans la plupart des lignées de souris

enceintes suggère que les macrophages ont été préalablement amorcés

in situ.

Afin d'examiner le rôle d 'IFN- Ycomme signal amorceur possible

pour l'activation des macrophages caducs, nous avons étudié l'effet de

l'épuisement d' IFN- Ysur l'avortement induit par LPS.

Les résultats ont montré que les souris ayant une déficiance en

IFN-i' étaient plus resistantes à l'avortement induit par LPS que les

souris témoins. Celà suggère qu' IFN- i' était essentiel pour amorcer les

macrophages caducs, et que ces macrophages ne pourraient pas être

activés lorsqu'exposés au LPS aussi bien in vivo qu'in vitro.

Nos résultats montraient aussi une expression élevée d'ARNm

d'IFN- r et d'ARNm d'iNOS (marqueur pour l'activation des macrophages)

dans les mêmes embryons avortés.

Ces résultats suggèrent que l'activation de macrophage, la production de

subséquente d'oxyde nitrique et la perte spontannée d'embryons

pourraient être la conséquence d'une surproduction locale d 1FN- "{.

La LPS sert de facteur d'activation externe, tandis que la TNF-u

interne est connue pour activer la production d'oxyde nitrique par les

macrophages pré-activés.

VI



-

-

....
• J

Ceci dit, nous avons examiné le rôle de la TNF-u, en temps que

second signal, dans l'avortement. Nos études ont montré que la

fréquence des embryons avec une augmentation élevée de l'expression

d'ARNm de TNF-a correspond au taux d'avortement des embryons chez

la souris.

De plus, ces résultats ont montré que l'ARNm de TNF-a élevé était

simultanément exprimé avec l'ARNm d'iNOS, ce qui suggère un rôle

potentiel de la TNF-u dans l'activation des macrophages caducs.

En somme, nous avons démontré la présence de macrophages

caducs dans l'interface foeto-maternel. L'oxyde nitrique produit par ces

macrophages était responsable pour la mort de l'embryon. Nous avons

également montré qu' IFN- r était responsable pour l'amorçage des

macrophages caducs, et que l'expression de TNF-a, un signal secondaire

potentiel, était associée à ractivation des macrophages caducs, à la

production d'oxyde nitrique et à la perte subséquente de l'embryon .

VII



..

-

Acknowledgment

First and most of all, 1 thank Dr. Baines for giving me the

opportunity ta work in his laboratory. Over the past four years, Mac

Baines has guided and directed my research work in a very professional

manner. Thank you Mac for your supervision, your friendship, and for

the time you have given me.

1 thank Ann-Marie for her support during the three stages she has

been "vith me. 1 thank her for putting up with me first as a friend,

second as fiancée, and lately as my wife.

1 thank the members of my family, my father, Kamal, my mother

Leila, and my sisters and brothers, Katia, Julia, Rabih, and Charbel for

their continuous support.

1 thank Emilia Antecka for providing outstanding technical

assistance. Thank you Emilia for taking good care of me inside and

outside the labo Over the past 4 years 1 have learned a lot from you. One

thing which 1 really wanted to learn badly is to cook like you.

Special thanks ta my friends, Nadim, Alain, Felix for their help

and support. 1 thank Dr. Lapp for his aid and guidance. 1 also thank my

friends, Frank, Greg, Mad, Camil, and Han for their support.

VIn



-

...
•

A big thank yau ta Mike Ratcliff and Trevor Owens for their

support and advice.

Last but not least, 1 thank all the graduate students, Microbiology

and Immunology staff, and aH the professors for making Lyman Duff a

fun place ta work in.

IX



...
-

-

Manuscript and Authorship

In accordance with guidelines concerning thesis preparation from

the Faculty of Graduate Studies and Research, McGill University, and

with the approval of the Department of Microbiology and Immunology,

McGill University, 1 have opted to present the experimental portion of

this thesis (Chapters 2, 3, and 4) in the form of manuscripts. The

guidelines concerning thesis preparation read as follows:

"Candidates have the option, subject to the approval of their

Department, of including, as part of their thesis, copies of the text of a

paper(s), submitted for publication, or the clearly- duplicated text of a

published paper(s), provided that these copies are bound as an integral

part of the thesis.

If this option is chosen, connecting texts, providing logical

bridges between different papers, are mandatory. The thesis must be

written in such a way that it is more than a mere collection of

manuscripts; in other words, results of a series of papers must be

integrated.

The thesis must still confirm to aIl other requirements of the

"Guidelines Conceming Thesis Preparation". The thesis must include:

x



-

-

A table of contents, an abstract in English and in French, an

introduction which clearly states the rationale and objectives of the

study, a comprehensive general review of the literature, a final

conclusion and summary and a thorough bibliography or reference list.

Additional material must be provided where appropriate (e.g. in

appendices) and in sufficient detail to allow a clear and precise

judgment to be made of the importance and originality of the research

reported in the thesis.

In the case of manuscripts co-authored by the candidate and

others, the candidate is required to make explicit statement in the

thesis of who contributed ta such work and ta what extent.

Supervisors must attest to the accuracy of such claims at the doctoral

oral defense. Since the task of the examiners is made more difficult in

these cases, it is the candidate's interest to make perfectly clear the

responsibility of different authors of co-authored papers. Under no

circumstances can a co-author of any component of such a thesis

serve as an examiner for that thesis.

With regard to the above conditions, 1 have included as chapters

of the thesis one reprint of original paper which have been published

(chapter 2), one reprint which has been submitted for publication

XI



-

..

...

..

(chapter 3), and a second reprint \vhich has been accepted for

publication (chapter 4). Chapters 2,3, and 4 contain their own

summary, introduction, materials and methods, results, and

discussions and references. A short section which serves as the

connecting text to bridge the three chapters is found at the beginning of

each chapter. A chapter (chapter 1) \vhich includes introduction and

literature review and another (chapter 5) which contains discussion and

future directions have been included. References for the literature review

follow it directly.

The manuscripts in order of appearance in the thesis, are listed

below. The contributions of co-authors are specified under each

manuscript. l am responsible for the rest of the \vork presented in these

manuscripts. Composition of the text that appears in the manuscripts

was entirely my responsibility, \vith editing and correction by Dr. M.G.

Baines. AIl the research had been conducted under the supervision of

Dr. M.G. Baines.

1. Haddad, E. K., A. J. Duclos, and M. G. Baines. 1995. Earlyembryo

loss is associated with local production of nitric oxide by decidual

mononuclear cells. J. Exp. Med. 182: 1143 .

XII



-

-

A.J. Duclos provided important discussion, and statistical advice during

the preparation of the manuscript. Dr. M. G. Baines, as supervisor

provided guidance, advice and was responsible for editing the

manuscript.

2. Haddad, E.K., A.J. Duclos, Antecka, E. W.S. Lapp and M. G. Baines

Interferon-"{ Primes Macrophages for Nitric Oxide production and Fetal

Abortion: In Vivo Role of IFN -y in Early Embryo Loss. Journal of

Experimental Medicine (Submitted)

A.J. Duclos did the experiment which involved IFN-i' antibody injections.

E. Antecka \vas responsible for animal matings. W. Lapp provided useful

discussion and scientific input. M.G. Baines provided guidance,

suggestions, and editing of me manuscript.

3. Haddad, E.K., A.J. Duclos, W.S. Lapp, and M.G. Baines. 1996 Early

Embryo Loss is Associated \vith the Prior Expression of Macrophage

Activation Markers in the Decidua. Journal of Immunology (Accepted).

A.J. Duclos provided useful discussion. W.S. Lapp provided the reagent

and equipments used in this study as weIl as scientific input. M.G.

Baines provided continuous guidance and suggestions, and editing of the

manuscript.

XIII



-

Contribution to Original Knowledge

1. Demonstrated that nitric oxide production by activated decidual

macrophages was associated with embryo resorption, and that treating

mice with nitric oxide inhibitors such as Aminoguanidine, significantly

decreased the incidence of embryo loss. This suggested that nitric oxide

is an effector molecule mediating embryo abortion.

2. Demonstrated that mice that lack IFN-y genes, or mice treated with

anti-IFN -y antibodies were resistant to embryo loss. This indicated that

IFN-: was critical for the occurrence of embryo loss. We further

demonstrated that IFN-: was responsible for the priming of decidual

macrophages and nitric oxide production.

3. Demonstrated that TNF-a was associated with early embryo loss. We

further sho\ved that TNF-a \vas associated with macrophage activation

and nitric oxide production indicating that TNF-a could act as a second

signal ta trigger the production of nitric oxide by decidual macrophages.

XIV



-

Table of Contents:

Abstracto 0 0 0 ••••••• 0 •••••••• 0. 0 .0.0. 0 ••• 0 ••••••••••••••••••••••••••••• 0 0 •••• 0 o.... II

Abrege 0 •••• 0 •• 0 ••••••• 0 ••••••••••••••••• 00.0 ••••••••••• 0 ••• 0 ••••••• 0.00 •• 0 ••••••V

Acknowledgments ' 0 •••••••••• 0 o.VIII

Manuscript and authorship.o 000 •••••• 0 •• 0 ••••••• 0 •••••••X

Contribution to original knowledge. o 0 •••••••• 0 •• 0000.00 ••••••••••XIV

Table of Contents 0 •• 0.0 ••••••••••••••• 00 •• 0 •••• 0 •• 0 •••••••• 0 ••••• 0 0 0 o..XVI

List of figu.res 00 •• 0 •••••••••• 0 ••• 0 ••••••••••• 00 •• 0.000 ••• o o o.XIX

List of tables , 00 ••••••••••••••••••• o..XXI

List of Abbreviations 0 •••• 0 •• 0 ••••••• 0 ••••••••••••• 0 •• 0 •• 00 •• 0 •••••••••XIII

xv



.y Table of Contents

Chapter 1

Literature review 1

Embryo development 1

EmlJry() lC»s!t :2

Immunologie Factors in Spontaneous Abortion 3

Major Histocompatibility Complex Antigens 4

Suppressor Cells 8

Antibody mediated spontaneous abortion 13

TH1ITH2 Cell mediated mechanism in pregnancy 17

Immune response Initiators and early emlJryo 1055 19

T-lymphocytes 19

T-cells with alfJ T-Cell Receptors 20

T lymphocytes with ri i5 Receptors 2:2

Animalmodel of early embryo loss•.••.•••••••.••••••••.•••..••..•••••.••..•••••27

Mouse Models ofSpontaneous Abortion :27

Mouse Models ofInduced Abortion 28

Cellular and Moleeular Effeetor Factors in Natural and Indueed

Murine Matings 30

Cellular Effectors 30

XVI



-
Natural Killer (NK) Cells and NK-Like Cells 30

Decidual macrophages 35

Soluble Effectors 39

Interferons-a (IFN-a},-f3 (IFN-fJ), and -y (IFN-y} 39

Tumor necrosis factor-a (TNF-a) 42

Immunotrophic and Immunosuppressive Soluble Factors 45

Immunosuppression 46

Conclusion and Prospective 4 7

References 49

Preface ta chapter 2 102

"Early embryo 10s5 is associated with local production of nitric oxide by
decidual macrophages 103

Summary 103

Introduction 104

Materials and methods 105

Results 107

Discussion 111

References 1 14

Preface ta chapter 3 116

XVII



-

"Interferon-y primes macrophages for nitric oxide production and fetaI
abortion: In vivo role of IFN-y in early embryo loss 117

Abstract 118

Introduction 120

Materials and methods 123

Results 129

Discussion 135

Figure Legends 141

References 143

Preface ta chapter 4 158

"Early embryo 10ss is associated with the prior expression of
macrophage activation markers in the decidua 159

Abstract 160

Introduction 161

Materials and methods 164

Results 169

Discussion 174

References 182

Figure Legends 195

Chapter 5

Discussion and future directions 205

XVIII



List of Figures

Chapter 2:

...

Figure 1:

Figure 2:

Figure 3:

Figure 4:

Figure 5:

Chapter 3:

Nitric oxide production by BCG primed spleen cells ... 108

Nitric oxide production by cells from implantation sites
taken from CBA/J and COI resorbing and non-resorbing
embryos at day 12 of gestation. 108

The frequency distribution of day 12 embryos versus
nitrite production 109

The frequency distribution of day 12 CBAIJ embryos vs
total nitric oxide production 109

Detection of iNOS in mouse decidua 110

Figure 1: Production of nitric oxide by peritoneal macrophages from
control and GKO mice 151

Figure 2: Expression of IFN-y, TNF-a, and iNOS mRNAs in individual
implantation sites of pregnant CBAI J females mated by
DSA/2 males 152

Figure 3: Association of IL-12 mRNA expression \vith markers of
macrophage activation 153

XIX



-
Chapter 4:

Figure 1: Expression of iNOS mRNA in individual embryos of normal
and poly I:C injected CBA/J females mated with DBA/2
males 197

Fi'gure 2: Expression of TNF-a mRNA in individual embryos of normal
and poly I:C injected CBA/J females mated with DBA/2
males 198

Figure 3: Simultaneous expression ofTNF-a and iNOS mRNA in
individual embryos of normal and poly I:C treated CBAjJ
females mated with DBA/2 males 199

Figure 4: Densitometric analysis of TNF-a and iNOS mRNA expression
in CBA/J X DBA/2 matings 200

Figure 5: Frequency distribution of iNOS and TNF-a mRNA expression
at day 8 of gestation 20 1

xx



-

-

List of Tables:

Chapter 2:

Table 1: Production of nitrate by embryos from CBA/J X DBA/2
matings between days 8-12 of gestation III

Table 2: Production of nitrate by embryos from CD 1 X CD 1 matings
between days 8-12 of gestation......... III

Table 3: AG-induced reduction of early embrya loss in CBAI J X DBA/2
male matings 112

Table 4: AG-treated CBAIJ X DBA/2 matings showed increased litter
size 112

Chapter 3:

Table 1: Primer and probe for IFN-y, IL-12, TNF-a, iNOS, and G6PDH
sequences 154

Table 2: GKO mice are resistant ta LPS induced embryo 10ss 155

Table 3: Passive ant-IFN-"{ antibodies reduce spontaneous embryo
resorption in CBAI J X DBA/2 pregnancies 156

Table 4: Poly I:C induced early embryo loss is dependent on the
presence of IFN-y '" 157

XXI



-

-

Chapter 4:

Table 1: Primer and probe for iNOS, TNF-a, and G6PDH
sequences 202

Table 2: Association of iNOS mRNA expression and early embryo loss
in CBA/J X DBAj2 matings at day 8 of gestation 201

Table 3: Association of TNF-a mRNA expression and early embryo 10ss
in CBA/J X DBAj2 matings at day 8 of gestation 202

XXII



-
List of Abbreviations:

DLN, draining lymph nodes

Dnase, deoxyribonuclease

EDTA, ethylenediaminetetraacetic acid

ELISA, enzyme-linked immunosorbet assay

FCS, fetal calf serum

HIV, human immunodeficieny virus

HLA, human histocompatibility complex

IFN, interferon

IL, in terleukin

i.v., intravenous

kD, kilodalton

LGL, large granular lympgocytes

LPS, lipopolysaccharide

mAb, monoclonal antibody

MEM, mimimal essential medium

MHC, major histocompatibility complex

MLR, mixed lymphocyte reaction

NK cell, natural killer cell

PBS, phosphate buffered saline

PCR, polymerase chain reaction

XXIII



•...

PHA, phytohemagglutinin

Rnase, ribonulease

SCID, severe immunodeficiency

TGF, transforming growth factor

XXIV



-
Chapter 1

Literature Review:

During mammalian reproduction, allogeneic embryos survive in

an immunologically hostile maternaI environment by a remarkable but

poorly understood mechanism. Even so, few of pregnancies are

successful. In fact, in humans as few as 250/0 of implanted mammalian

embryos may survive ta terrn. This report primarily summarizes reviews

pertaining ta murine reproduction, with accasianal reference ta human

studies as indicated in the text.

Embryo Development

Since most of the discussion is focused on the cellular and

molecular events at the fetal-maternal interface, a brief background

summary of embryo development helps to put early embryo 10ss in

perspective. After fertilization, the zygote undergoes a series of

symmetrical cell divisions that lead to the formation of the morula and

later the blastocyst. This process of preimplantation development is

follo'N°ed by implantation where the blastocyst attaches itself ta the

uterine wall. Preimplantation development is nat influenced by the

maternaI environment. Implantation, on the other hand, promotes

thickening of the endometrium and leads to the formation of the

decidua, which is the hormonally induced end products of the maternai
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myeloid and endometrial cells. The blastocyst capsule contributes the

placenta and the inner mass becomes the fetus. Immunohistochemica!

analysis of frozen sections demonstrated the presence of different

immune effector cell populations in the decidua. These include T

lymphocytes, natural killer (NK) cells, macrophages, granulocytes, and a

cell population restricted to the decidua known as large granular

lymphocyte (LGL) in humans, and its equivalent granulated metrial

gland (GMG) cells found in mice (Marshall and Jones, 1988; Mincheva­

Nilsson et al., 1992; Starkey et al., 1988). In mice and humans, the fetal

placenta! cells or trophoblast line the matemal-blood sinusoids and

thus are directIy exposed to the materna! immune system (Bischof and

Martelli, 1992).

Embryo Loss:

Complications in mammalian pregnancy could occur at any

gestational age. There are pregnancies that terminate at the early stages

of gestation while others terminate mid-way or even at a later stage of

pregnancy. Consequently, the cellular and the molecular factors

involved in these complications are different with the different stages of

fetal and embryonic development. Spontaneous abortion is one of the

most common complications in mammalian pregnancy where the

incidence of rate loss can be as high as 60% of implanted embryos
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(Roberts et al., 1990). In humans, earlyembryo loss primarily occurs

early in embryonic development, usually 7-14 days fol1owing

implantation while spontaneous or recurrent abortion occurs at later

times (Baines and Gendron, 1993). The reasons for this high incidence

of lasses has been attributed ta severai factors, including genetic,

endocrine, immune, and many others.

Whereas lasses attributed to genetic, anatomic, immune, and

endocrine etiologies constitute a large percentage of lasses in

mammalian pregnancy, about haif of the causes remain unidentified.

The close interaction between maternai and fetai tissues has suggested

that maternai-fetai immune regulation plays critical role in reproductive

biology. Data accumulated from human clinical trials and from animal

models has strongly suggested a primary raIe of the immune system in

pregnancy outcome.

Immunologie Factors in Spontaneous Abortion

Immunology is the study of the host response that specifically

distinguishes "self' versus "non-self". A growing embryo inherits 500/0 of

its genome and antigens from the paternai partner and hence is

considered foreign by the maternaI immune system and is deait with as

an allograft. The primary raIe of the maternaI immune system in

mamrnalian pregnancy is still debatable. Sorne have suggested that an

3



immune response is essential for a successfui pregnancy (Athanassakis

et al., 1987), ~Nhile others showed that an immune response generated

to fetai antigens may induce negative reproductive outcome (Redman,

1993; Scott et al., 1987; Khong, 1989). Spontaneous abortion is the

ultimate terminal complication of mammalian pregnancy. Many

hypotheses have been postulated to explain the role of immunologicai

mechanisms in pregnancy loss.

Major Histocompatibility Complex Antigens

The major histocompatibility complex (MHC) antigens expressed

by tissue cells were originally described as being the target structures

responsible for the rejection of tissue or organ grafts. The role of the

MHC proteins in pregnancy has long puzzled immunologists and its

roles in pregnancy remain controversial. During infections, autologous

MHC antigens expressed on antigen presenting cells are responsible for

presenting foreign peptides to lymphocytes. In the context of allograft

rejection, hast T-cells bind to graft MHC directly initiating a powerful cell

mediated immune response leading to the rejection of the graft. By the

same token, MHC alloantigens present on fetal cells, may induce a

maternaI immune response against the growing embryo causing its

rejection. Conversely, it is clear that in most cases maternaI

4
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al1oimmunization against paternal MHC has no deleterious effect on

pregnancy outcome and may even be beneficial (Beer et al., 1981).

MHC expression in the placenta has been studied both in humans

as weB as in mice. Placental tissue sections taken from allogeneic (CBA

females mated with Balb/e males) matings were stained with antibodies

to paternal MHC class 1 and class II antigens. The results showed that a

significant proportion of trophoblast eeUs expressed class 1 antigens of

both parental haplotypes. These results indieated that MHC class 1

antigens of patemal origin \vere expressed by trophoblast ceUs at the

maternaI interface. However, the presence of MHC class II antigens has

not been deteeted (Lala et al., 1983c; Chatterjee-Hasrouni and LaIa,

1982). Further studies were conducted to determine whether MHC class

1antigens were accessible to the maternaI immune system, and

consequently were able to stimulate a maternaI allo-immune response.

Unexpectedly, the results showed that the expression of MHC class 1

antigens in the placenta was on those ceUs that were directly exposed to

the maternaI blood circulation (Lala and Kearns, 1985). The results

further showed that piacentai ceUs positive for MHC class 1 expression

were able to induee an immune response in vitro (Laia et al., 1983b).

Hence in the mouse, the fetai tissues were exposed to the maternaI

immune response, yet the fetus managed ta survive. One speculative

raIe of these MHC elass 1 antigens is to adsorb maternaI antibodies
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directed against patemal MHC antigens and hence, enhancing

pregnancy outcome (Lala et al., 1983b). Altematively, MHC expression

may be essential for preventing natura! killer cell mediated lysis of

trophoblasts (Kane and Clark, 1986).

In humans, studies have shown that there was an absence of

MHC class l and class II antigens expression on placental cells in direct

contact with maternaI blood (Hunt et al., 1988; Sunderland et al., 1981;

Faulk and Temple, 1976). However, a monomorphic MHC class l antigen

has been shown to be expressed in the placenta (Kovats et al., 1990;

Ellis et al., 1990). This antigen known as HLA-G has been identified by

monoclonal antibodies directed against the conserved region of the

conventianal HLA-A,8, and C. HLA-G has been cloned and its

expression has been shown to be restricted ta the placental tissues

suggesting its involvement in reproduction (Shukia et al., 1990). The

role of HLA-G in promoting embryo survival is not well understood.

However. transfection experiments have shown that cells transfected

with HLA-G were significantly less sensitive to NK cell killing than rnack

transfected contraIs lacking MHC-I (Kovatts et al., 1991). This indicated

that HLA-G might inhibit NK cell activation and hence protect against

NK induced embryo death. It has been further shawn that HLA-G binds

to C08 receptors found on T-cells suggesting that HLA-G might have a

competitive role in the recognition of foreign intracellular
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antigens(Sanders et al., 1991). In mice, non-polymorphie MHC class 1

(Qa and Tl) antigens have also been identified on fetal placenta! cells.

These antigens have been shown to bind to the specifie receptors of yl8

T-cells (Vidovic et al., 1989).

Further insight into the raIe of MHC in mammalian pregnancy has

been revealed by investigating cases of couples experiencing recurrent

spontaneous abortion of unexplained origin. Recurrent spontaneous

abortion has been associated with the sharing of HLA (MHC-II) antigens

between husband and wife (über et al., 1983, 1984). In cases of

recurrent abortion, immunizing the wife \\~ith paternalleukocytes often

helped ta enhance embryo survival (McIntyre and Faulk, 1983).

However, detailed statistical evaluation of these clinical studies revealed

that this treatment had limited success since placebo or psychological

treatrnents such as enhanced patient support alone, were also found to

have high success rates (Anonymous, 1994). Furthermore., not aIl

cantrolled trials have confirrned the previous beneficial results (Hill,

1991). It has been shown that couples who share a limited diversity of

MHC haplotypes, such as the Hutterites, have longer time ta pregnancy

compared ta non-matched couples of the same community (über et al.,

1983, Nonaka et al., 1994). However, when studies were performed with

the proper population-based control, the results demonstrated that HLA

heterogeneity is not critical for a normal pregnancy. Rather, such factors
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have a slight but significant negative effect on fertility, but apparently

not on embryo survival (Stray-Pedersen and Stray-Pedersen, 1984; über

et al., 1985)

Likewise, studies in inbred mice have shawn that sharing MHC

haplotypes is not detrimentai ta pregnancy. For instance, inbred mice

which are homozygous at aIl loci on both haploid sets of chromosomes

do not normally experience a significant incidence of embryo wastage.

Further evidence derived from transgenic mice have reveaied that mice

deficient in either MHC class l or II breed normally and their offspring

survived without any obvious morphogenetic defects (Grusby et al.,

1991; Zijlstra et al., 1990). These experiments showed not only that

diversity of expression of MHC antigens is not a requirement for fetal

survival, but aiso that MHC expression is not even needed for successful

pregnancy. Conversely, normal or increased MHC expression does not

induce pregnancy 10ss.

Suppressor Cells

The absence of suppressor ceUs and suppressor factors is another

immune mechanism suggested as a possible cause for spontaneous

abortion. If normal pregnancy could be considered as an example of

prolonged acceptance of an allograft, spontaneous abortion could

represent maternai rejection. The hypothesis that immune suppression

8



.:..

exists during pregnancy derives primarily from a need to explain the

failure of the maternai immune system ta reject the fetal allograft. For

this reason, experiments have been conducted to identify the nature of

the suppressor cells as weil as the suppressor factors involved. Evidence

for the existence of suppressor cells have been reported by Clark and his

colleagues in the late 70s and early 80s (Clark et al., 1986; Clark and

McDermott, 1978, Lachapelle et al., 1996). They studied the

immunoregulatory functions of lymph node cells draining the uteri

(0LN) of allageneic pregnancies. They showed that 0 LN taken from

C3H/HeJ (H2k) femaIes mated with DBA/2J(H2d) expressed suppressive

activities when injected inta newborn mice where a fetal graft versus

hast reaction was the expected outcome (Clark and McOermott, 1978).

First, DLN from allogeneic pregnancy had reduced ability ta kill C3H X

DBA/2 FI new born mice when compared to DLN from virgin mice

(Clark and McDermott, 1978). This reduction in mortality was correlated

with a diminished CTL cytotoxic activity in the spleens taken from the

injected new barn mice. Moreover, bath in vivo and in vitro experiments

sho\ved that DLN taken fram allogeneic pregnancy possessed an

impaired ability ta generate CTL against paternal antigens. These same

suppressive cells were later shawn ta inhibit NK cell activation and con

A induced stimulation of T-cells in vitro (Clark et al., 1986). Further

experiments were conducted to identify the nature of these suppressor
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cells. These studies demonstrated that the DLN suppressive cells were

non-thymus derived and showed antigen non-specific activities. Further

evidence for the existence of suppressor cells was demonstrated in mice

and in humans. It was ShO\VTI that in mice, suppressor activities were

absent in DLN from high 105s pregnancie5 such as in CBAjJ femaies

mated \vith DBAj2 males, and from amniotic fluids of aborted

pregnancies (Clark et al., 1986). It was later shawn that the suppressor

cells produced TGF-p like immunosuppressive factors which were able

to inhibit the activation of T-cells and NK cells (Clark et al., 1994).

Aipha-fetoprotein (AFP) is another suppressor factor that has aiso

been shawn to be associated \vith embryo survival by inducing a state of

immune suppression at the fetomaternai interface (Murgita, 1976). AFP

has been shawn ta inhibit cell mediated immune responses (Cohen et

al., 1986; Hooper et al., 1982; Tomasi, Jr. et al., 1975), therefore, the

presence of AFP only during fetai life and not during adu1t life suggested

a raIe for AFP in suppressing maternaI immune responses and

maintaining normal pregnancy.

Further evidence which support the contention of a local

immunosuppressive state in the placenta has been obtained from a

murine model of infection during pregnancy with Listeria

monocytogenes. Studies have demonstrated that normal non-pregnant

Listeria resistant mice were easily able to c1ear systemic infections by
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this bacteria. On the other hand, clearance of placental infection was

impaired in pregnant mice. This might be due the inability of

macrophages and lymphocytes ta reach the [oci of infection or it might

be due to the activation of a Th2 cytokine response that augmented

antibody mediated immunity and reduced local cell mediated immunity

(Ahlfors et al., 1977; Redline and Lu, 1987, Redline and Lu, 1988).

However, since they were initially reported in the 70s, suppressor

cells have usually been described as activities of cells with a number of

different phenotypes and a clear characterization of these cells is still

lacking.

Studies in humans have shown that a deficiency of suppressive

activity resulted in many early pregnancy failures following in vitro

fertilization and embryo transfer (Nobel, 1984) . More insights into the

mechanisms of immunosuppression in mammalian reproduction can be

elucidated by studying the changes of the maternaI immune function

that occur during pregnancy. Many observations have suggested that

the maternaI systernic and local immune responses decline during

pregnancy. For instance, during pregnancy the rnother is more

susceptible to sorne infectious diseases. It has been observed that

during pregnancy, latent infectious agents such as cytomegalovirus

(CMV), and Listeria may become active (McLauchlin, 1990; Weinberg,

1984). In the same context, it has been shown that during pregnancy
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sorne cell mediated autoimmune diseases improve. However, these

observations have been contradicted by data which demonstrated that

many other infectious diseases were not reactivated or more severe in

pregnant females (Evron et al., 1984). It was further shown that sorne

antibody mediated autoimmune diseases such as systemic lupus

erythematosus (SLE) rnay \vorsen during pregnancy while still others

remained unaffected (EI-Roeiy and Shoenfeld, 1985; Lockshin, 1985).

Studies conceming alterations in systernic maternaI cellular and

humoral immunity during pregnancy have not been very supportive of

the immunosuppressive theory. It has been shown that B-cell and T-cell

numbers as weIl as functions were not significantIy changed (Sridarna et

al., 1982; Moore et al., 1983). Sorne decrease in NK cell activities has

been reported (Toder et al., 1984). Moreover, compelling evidence of

normal maternaI response to vaccines and ability to rnount a delayed­

type hypersensitivity (DTH) response argued against a state of systemic

irnrnunosuppression during pregnancy (Murray et al., 1979,

Lichtenstein, 1942).

Overall, over the past two decades the issue of

immunosuppression in pregnancy has been controversial. Further, the

phenotype of suppressor cells has never been conclusively identified,

and a state of total immunosuppression has never been demonstrated

both systemically or locally. It could be that during pregnancy there is a
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profound increase in local steroid hormones or suppressive cytokines

which may induce a local state of suppression which could explain the

survival of the conceptus during pregnancy.

Antibody mediated spontaneous abortion

Immune responses are normally stimulated when an individual is

exposed to foreign antigens. These immune responses are classified as

being cellular or humoral. During pregnancy, the allogeneic conceptus

stimulates the maternaI humoral immune responses. It has been

postulated that the rejection of the conceptus by the mother is due to

the enhanced generation of antibodies against paternal antigens.

Different types of antibodies have been described in the literature, such

as anti-phospholipid antibodies, anti-nuclear antibodies, and possibly

anti-sperm antibodies. The survival of the embryo on the other hand,

has been assumed to be due to the blocking of the maternaI anti­

paternal cell mediated immune responses by the generation of blocking

antibodies. Blocking antibodies may mask paternai antigens without

initiating cytopathology.

As the name indicates, anti-sperm antibodies react to antigens

found on the surface membrane of sperm cells. The first indication of

the involvement of antisperm antibodies in embryo loss was

demonstrated in the early 70s (Menge, 1970; Haas, Jr. et al., 1986). The
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experiments showed that antisperm antibodies generated in female mice

after immunization with semen exerted embryacytotoxic effects. It is

believed that antibodies ta sperm antigen cross react with antigens

found on the growing embryo causing its death. These results were

further substantiated by studies derived from human pregnancies. It

was shawn that anti-sperrn antibodies had been found in 100/0-400/0 of

women experiencing spantaneous abortion of unknown origin. However,

these results were disputed by recent data that showed that less that

0.5% of women experiencing spontaneous embryo loss were found to

have antisperm antibodies (Naz et al., 1990; Yan et al., 1990). Recent

data further showed that anti-sperm antibodies have also been round in

women with successful pregnancies (Jager et al., 1984; Clarke and

Baker, 1993). It was further shown that anti-sperm antibodies had no

effect on embryo survival since they did not induce embryo abortion in

pregnancy resulting from in vitro fertilization technology (Yan et al.,

1990). These results indicated that antisperm antibodies were unlikely

ta he involved in pregnancy failure.

Antiphaspholipids antibodies are antibodies that are directed

against negatively charged phosphalipids (Harris et al., 1988). They

comprise a group of heterogeneous antibodies such as Lupus

anticoagulant and anticardiolipin antibodies that are found in

antiserum of patients with the autoimmune disease, systemic lupus
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erythematosus (SLE) (Sthoeger et al., 1993). These antibodies have been

shown to be associated with thrombosis and thrombocytopenia (Jungers

et al., 1984; Oksenhendler et al., 1984). Despite their close correlation

with SLE patients, their roles in the disease are still not clear as they

may be a result of SLE induced cytopathology and not the primary

cause of cell damage. However, there is strong evidence that patients

with SLE experience difficulties in both conception and maintenance of

pregnancy (Harris et al., 1985).

The most specifie clinical Îeature of the presence of anti­

phospholipid antibodies is pregnancy loss. For many years, it has been

shawn that antiphospholipid antibodies were consistently present in the

serum of women experiencing repeated embryo loss of unexplained

origins (Harris et al., 1985; Sammaritano et al., 1990; Deleze et al.,

1989; Kwak et al., 1994). This circumstantial evidence prompted further

experiments to identify the raie, if any, of these antibodies in repeated

pregnancy failure. Studies in humans have shown contradictory results.

Sorne reports indicated that women with repeated pregnancy failure

showed significantly higher incidence of antiphospholipid antibodies

than normal controls (Lubbe and Liggins, 1985). Many other studies

confirmed these results, and further showed that down regulation of

maternai antiphospholipid antibodies during early pregnancy could

prevent embryo 10ss (Kwak et al., 1992). Other studies have shawn that
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mice passively immunized with monoclonal or polyclonal antibodies

against cardiolipin showed an increased incidence of embryo loss (Blank

et al., 1991). On the other hand, these results were not substantiated by

other investigators (Makino, et al., 1992). Further, anti-phospholipid

antibodies have been found in women \vith normal pregnancies as weIl

as in non-pregnant women (Kwak et al., 1992). Taken together, these

results showed that anti-phospholipid antibodies are weak indicators of

repeated abortion (Coulam, 1992).

Another antibody mediated mechanism for repeated abortion has

been shown to invalve blocking factor deficiency. Blocking factors were

sho\vn to block the maternal anti-paternal immune responses in mixed

lymphocyte reactions (MLR). It was shown that maternaI serum factors

were able to inhibit a MLR of maternaI responder against patemal

stimulator cells (Beer et al., 1981; McIntyre and Faulk, 1983). These

blocking factors have later been shown to be absent in the antiserum of

women with a history of repeated abortion (Rocklin et al., 1976).

However, there is no direct evidence that these blocking factors are

found in aIl successful pregnancies (Rocklin et al., 1982). In fact, studies

have shawn that blocking serum factors were present in sorne cases of

repeated abortion, and absent in sorne normal pregnancies. These

immunoglobulin factors had never been characterized as to specificity,

and hence their involvement in repeated abortion is questianable.
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TH1/TH2 CeU mediated mechanism in pregnancy

Cel1 mediated immune responses constitute the second arm of the

specifie immune systems. T-cens are either CD4+ or CD8+ cells and

CD4+ T-cells recognize antigens in the context of MHC class II antigens,

while CD8+ cens recognize antigens in the context of MHC class 1

antigens (Yewdell and Bennink, 1992; Madden, 1995). Antigen activated

CD4+ T-cells produce soluble factors or cytokines that activate B-cells to

produce antibodies or they also produce cytokines that activate a variety

of effector cens such as cytotoxic CD8+ T-cens, macrophages and NK

cells. In vitro and later in vivo studies have shown that CD4+ T-cells

could further sub-classified to THO, TH 1, and TH2 cells depending on

the profile of cytokines they produced (Mosmann et al., 1986; Street and.
Mosmann, 1991; Janeway, Jr. et al., 1988; Mosmann and Coffman,

1989). [n general TH 1 cells produced primarily interferon-y (IFN-y),

tumor necrosis factor-p (TNF-p), and IL-2, while TH2 cells produced IL-3,

IL-4, [L-10 and other cytokines (Romagnani, 1994; Seder and Paul,

1994). THO are intermediate cells or precursors of TH 1 and TH2 and can

produce limited quantities of both cytokine profiles. Therefore, TH 1

cytokines such as IL-2 and IFN-y induce cell mediated cytotoxic

activities by activating CD8+ T-cells, NK cells and macrophages (Cox et

al., 1990; Narumi et al., 1990), while the TH2 cytokines, IL-4 and IL-ID,

inhibit TH 1 cytokine production and hence suppress the generation of
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cell mediated cytotoxcicity (McBride et al., 1990; Cox et al., 1991). It is

not yet known what induces THO ceUs to become either TH 1 or TH2.

Studies have shown that a variety of factors may be involved such as

antigen presentation (Villacres-Eriksson, 1995), presence of co­

stimulatory factors (Kuchroo et al., 1995), and even the presence of

traces of IFN -y and IL-4 before the initiation of the immune response

(Ferrick et al., 1995). This switch point is a very critical stage in

combating diseases since in sorne cases, TH 1 cytokines are associated

with resistance to a disease such as Leishmenia, while TH2 cytokines

may increase susceptibility to disease, and vice versa in the case of

other diseases (Fitzgerald, 1992; Chatelain et al., 1992).

The overproduction of TH 1 cytokines or a deficiency in TH2

cytokines during pregnancy has been proposed as one mechanism

which favor spontaneous abortion. The TH2 /TH 1 nature of the

cytokines produced determines the success or failure of a conceptus as

TH2 cytokines enhance fetal survival (Wegmann et al., 1993; Hill et al.,

1995). Events which increase local TH 1 cytokine production at the

fetomaternal interface could augment cell mediated immunity generated

against fetai antigens and threatened fetal survival.

The local presence of TH 1 and TH2 cytokines have been studied in

many laboratories and the effect of these cytokines on local cellular
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responses in the deciduum and consequent early embryo loss have been

previously described (Krishnan et al., 1996b; Krishnan et al., 1996a).

Immune response Initiators and early embryo 1088

T-lymphocytes

Mature T-ceUs which express a specifie T cell receptor (TCR) are

either CD4+ / CD8- or CD8+ / CD4-. These cells are able to initiate a

specifie immune response in response to foreign antigens in the

presence of MHC class 1or class II. It has been postulated that local

specifie immune responses could be initiated against fetai antigens in

the decidua leading to T -cell activation and production of cytokines. The

nature of these cytokines determines what effect they have on pregnancy

outcome. As previously stated, TH 1 cytokines such as IFN-(' and TNF-p

have deleterious effect on the embryo while TH2 cytokines such as IL-4,

IL-IO and IL-3 are useful to pregnancy .

Many studies have sought to quantify the presence of T -ceUs at

the fetomaternal interface and showed that ceUs bearing these T-cel1

markers were sparsely present in both human and murine decidua. In

humans, the data showed the presence of CD8+ ceUs at aH stages of

pregnancy (Mincheva-Nilsson et al., 1994), but there was an occasional

presence of only CD4+ T-ceUs in the deciduum (Bernard et al., 1978) .
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However, the results from murine pregnancies regarding the expression

of CD4 and C08 rnarkers rernaincontraversial. While sorne have

reported the presence of CD8+ cells detected early in pregnancy, other

studies have indicated the absence of these cells (LaIa et al., 1983a).

Further analysis of CD8+ cells has shown t..~at they aIso expressed CD2

and Asialo-GM l, but nat CD3 antigens, suggesting that these cells \vere

NK-like cells and not ciassicai cytotoxic T-lymphocytes (CTL) norrnally

observed in lymphoid tissues (Head et al., 1994). The expression of

CD4+ cells has been shawn to be very rare in early pregnancy but may

become more common during early embryo 1055 (Gendron and Baines,

1989)

T-cells with a/fJ T-Cell Receptors

The role of a/p T-cells cells in mediating repeated abortion is not

clear. Data for many Iaboratories support the contention that a/p T-cells

do not play a primary raIe in mediating early embryo failure. First of aIl,

the presence of these cells has been disputed. Most of the studies done

on C04 and C08 expression were done priar ta the description of C04+

or CD8+ T-cells expressing y/ô TCR. It may aiso he significant that

macrophages bear the CD4 receptor. More significant, is the absence of

these cell populations in early pregnancy, the time when events leading

ta the recognition of the fetai antigens shouid be taking place (Lala et
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al., 1983a; Bernard et al., 1978). The most conclusive data regarding the

insignificance of the raIe of al ~ T-cells in mediating abortion has come

from studying rnice that are naturally deficient in mature a/P T-cells

(Oosch et al., 1978; Bosma et al., 1983). These mice known as nude and

SCIO mice, have been shawn ta be capable of rejecting grafted

xenogeneic embryos indicating that different and probably non-specific

cellular components of the host were capable of chronic graft rejection

and consequently embryo loss.

In mice t it is now very well documented that fetai villous syncytiai

trophoblast cells facing the maternaI immune cells do not express

polymorphic MHC class 1 and class II antigens (Cray et aL, 1985b;

Crepeau and Cray, 1988). Therefore, it seems unnecessary to assign a

functionai role of al PT-cells in preventing pregnancy failure. On the

other hand, the expression of non-polymorphie MHC antigens on cells of

fetal origin strongly suggest that cells with non-conventional antigen

reeeptors sueh as T-cells with ; 18 T-cell receptors and NK cells may be

involved in recognizing fetai antigens.

These results showed that al PT-cells are unlikely ta mediate

embryo loss. The absence of MHC antigens \vould argue against speeific

recognition events involving these cells. Further, the SCIO experiments

indieated that T-lymphocytes were not needed to mediate effeetor

funetions leading ta embryo rejection.
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T lymphocytes with 1/ i5 Receptors

For a long time, it has been known that the vast majority of T-cells

in lymphaid tissues bear the a/P TCR in association with the invariant

component of CD3 complex. It is now known that a minority of T-cells

express alternative TCR composed of y and <5 chains, that are also

associated with the invariant CD3 complex (Fowlkes and Pardoll, 1989;

RauIet, 1989; Allison and Raulet, 1990). Since their discovery, little is

known regarding their repertoire and effector functions. T-cells bearing

the TCR Yi 6 chains have been shown to be the first T-cells to appear in

ontogenyand that al Pchain rearrangements result in deletion of the Yi <5

genes (Bluestone et al., 1987; Pardoll et al., 1987; Havran and Allison,

1988) .

The majority of ï 1<5 T-cells are found in epitheliai cells. Still, a

minority of·r1<5 T-cells are found in the blood (Allison and Havran, 1991).

Unlike the cireulating ïi<5 and a/p T-eells, epitheliai ïl6 T-cells exhibit

highly restricted variable domains and hence lack the TCR diversity

common ta T-eells expressing al PTCR (Koning et al., 1988b; Koning et

al., 1988a; Stingi et al., 1987). Epithelial y/8 T-cells have been shown to

be seleetively expressed in the skin, intestinal epithelium, lung, and the

uterus (Tsehachler et al., 1983; Itohara et al., 1990). What funetions

these cells serve at these sites are unknown. These cells have been

shown to be associated with different viral, bacterial, and autoimmune
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diseases, suggesting that these cells might be important in regulating

immune responses to these diseases (Haas et al., 1993; Born et al.,

1990).

In the uterus, "118 T-cells are referred ta as reproductive-('/8 T-cells

(r-{18). In mice, these cells have been shawn to be expressed in pregnant

as well as in non-pregnant uteri (Heybome et al., 1992; Meeusen et al.,

1993). Data concerning the presence of y/8 T-cells in human decidua is

still controversial. While sorne studies (Mincheva-Nilsson et al., 1992)

have reported the presence of these cells in human uteri, other studies

\vere not able to corborate these observations (Vassiliadou and Bulmer,

1996). Studies have shown that r-"I18 TCR have no junctianal diversity

and hence they have restricted polymorphism ta recagnize foreign

antigens. These cells have been under intense investigation by

reproductive immunalogists in an attempt ta elucidate their functian in

mammalian pregnancy. Immunohistochemical and flow cytometric

studies dane on decidual leukocytes from normal human pregnancies

have shawn that TCR ('/8 expressing cells comprised about 60% of the

uterine T-cells. Sorne of them were CD4+ and others are CD8+, but the

majority are CD4- and CD8-. Interestingly, 30% to 58% of these cells

express the CD45RO antigen, a marker for prirned or activated T-cells

(Mincheva-Nilsson et al., 1992). It has been further confirmed that r-y/8

T-cells expressed the high affinity IL-2 receptor, another T-cell activation
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marker (Heybome et al., 1992). More importantly, these studies have

shawn that the activation of r-y/8 T-cells was only observed in pregnant

but not in non-pregnant uteri. This suggested that r-y/8 T-cells may have

been involved in regulating a variety of physiologie events in

reproduction (Nandi and Allison, 1991). However, it has also been

observed that r-y/8 T-cells showed paor responsiveness to stimuli such

as allaantigens and anti-CD3 antibodies, indicating a limited

responsiveness or state of immunosuppression (Mincheva-Nilsson et al.,

1992). Althaugh r-y/8 T-cells express activation markers, they have been

shown to be unresponsive ta alloantigens due ta unknown mechanisms

\vhich prevent an immunological rejectian response during normal

pregnancy (Mincheva-Nilsson et al., 1992). It could be that in early

embryo 10ss, r-y/8 T-cells are either absent or are not suppressed and

hence can mediate effector functions against the allageneic fetai cells.

In order for r-y/8 T-cells to initiate and mediate immune responses

against allogeneic fetal cells, they should be able to recognize paternal or

trophoblastic antigens as weIl as be able ta respond ta these stimuli by

praducing effectar molecules. The ligands for y/8 TeR are not well

defined, hawever, it is very well established that r-y/8 T-cells possess

non-MHC restricted recognition, suggesting antigen presentation

receptors different from MHC are needed for r-y/8 T-cell antigen
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recognition (Matis and Bluestone, 1991; Montesoro et al., 1991;

Iwashima et al., 1991).

Earlier studies have shown that peripheral y/8 T-cells can be

stimulated by non-protein antigens derived from bacterial cell walls

(Tsuyuguchi et al., 1991; Fleischer, 1991; Griffin et al., 1991).

Interestingly, it has been shown recently that r-y/8 T-cells recognize

trophoblast associated heat shock proteins (Doherty et al., 1991;

O'Brien and Born, 1991; Kaufmann et al., 1991). This was shown in

mice deficient in MHC antigens confirming previous results regarding

non-restriction of r-y/8 T-cells to MHC antigens. Studies have also shawn

that certain (/ cS T-cell receptors bind to non-polymorphie MHC class 1

antigens expressed mostly in human and murine implantation sites

further supporting the importance of these cells in mammalian

reproduction (Vidovic et al., 1989). Recently, our laboratory investigated

the role of heat shock proteins in early embryo loss. The results showed

that there was an increased and selective expression of sorne heat shock

proteins in resorbing but not in healthy embryos (Duclos et al., 1996).

Collectively, these results indicated that r-(/8 T-cells can recognize

trophoblastic antigens and can initiate an immune response. The nature

of this immune response is unknown at this time but is receiving

increased attention.
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It has recently been shawn that stimulated murine r-"{/8 T-cells

produced TGF-p, a molecule that was shown ta inhibit T-cell dependent

immune responses, and hence the role of r-yi8 T-cells may be to

suppress the maternaI anti-fetai immune response and prevent rejection

of the fetus. On the other hand, stimulated r-y/8 T-cells could also

produce TH 1 cytokines such as IFN-"{ that lead to macrophage

activation and possibly embrya death (Mizoguchi et al., 1996; Ladel et

al., 1996). The TH 1/TH2 cytokine production by "{/8 T-cells has been

shown ta play an important role in regulating immune responses

against many bacterial and viral infections, but has not yet been

demanstrated to affect fetai survival (Nilssen et al. t 1996; Hara et al.,

1996; Hess et al., 1996).

These studies suggested that r-y/8 T-cells may play a critical role

in normal pregnancy by either maintaining normal physiological

functian at the fetomaternal interface or by inducing embryo loss. The

results further showed r-y/8 T-cells could initiate these responses

through their ability to produce TH 1 as well as TH2 cytokines. TH 1

cytokines could then induce a deleterious cell mediated immune

responses leading ta embryo death, while TH2 cytokines could suppress

cel! mediated immune responses ta the embrya. It is not known \vhat

activates the r-y/8 T-cells to praduce any of these cytokines. Studies are

underway to explore the different possibilities.
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Animal model of early embryo 1088

ln humans, early embryo loss may be defined as lasses that occur

before the third week of gestation. Since these losses often occur before

the end of the menstrual cycle, early cellular and molecular events that

lead to embryo wastage could not be investigated. Furthermore, it is

extremely difficult ta study the effect of treatments for repeated abortion

in humans as the identification of patients who can be predi~ted to

abort is virtually impossible. For these reasons, animal models have

been sho\vn ta be invaluable in studying acute or repeated abortion.

Many murine models of induced or spontaneous abortion had

been described in the literature. Murine pregnancy shows cellular and

molecular characteristics similar ta those seen in human pregnancy.

The murine gestation period is relatively short and hence allows feasible

experimental designs. Unlike human pregnancy, in \vhich the single

embryo survives or is aborted, in mice which gestate litters of 7-12

pups, partial abortion or resorption of 2 to 3 embryos per uterus often

occurs. In addition, in murine reproduction, the early conceptus is not

expelled as in humans, but is retained in the uterus and is resorbed.

Later fetal deaths are stillbom with their living littermates.

Mouse Models of Spontaneous Abortion
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Many murine models of spontaneous abortion have been

described in the literature. For instance, CBA/J females mated with

OSA/2 males (Clark et aL, 1980) and B 10 females mated with B 10.A

males (Melnick et al., 1981), have bath been shawn to have high

incidence of embryo loss in the ranges from 20% to 30% by day 12 of

gestation. The use of inbred mice ta study pregnancy failure eliminates

many anatomic, genetic and hormonal differences observed in outbred

matings, thus allowing investigators to focus on the immunological

etiologies of abortion. The study of the CBA/J X DBA/2 model has

provided major contributions ta our understanding of the mechanisms

of early embryo loss. One important finding involved the demonstration

that vaccination of the CBAI J females with a paternal lymphocyte or

even a third party splenocytes before mating significantly diminished

early embryo loss (Chaouat et al., 1983; Kiger et al., 1985). As have been

discussed in detail below, elements of the innate resistance system such

as NK cells and macrophages were sho\vn ta be the primary factors in

mediating embryo abortion.

Mouse Models of Induced Abortion

Oespite the critical findings demonstrated by studying the

naturally resorbing CBA/J X DBA/2 mouse model, the universal role of

the cellular and molecular effectors, such as NK cells and macrophages,
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in early embryo 10ss has been greatly facilitated by studying abortion in

normal and low 10ss mouse mating combinations.

The LPS induced early embryo 10ss model has been invaluable in

studying murine abortion in a variety of mouse strains.

Lipopolysaccharide (LPS) is found on the outer surface of gram negative

bacteria cell membrane. When LPS is injected into a variety of mouse

strains during pregnancy, there is 5 to 10 fold increase in the incidence

of embryo 10s5 (Gendron et al., 1990, Duclos et al., 1996). Although LPS

has been known to he a powerful B-cell and macrophage activator, the

mechanisms of LPS induced embryo abortion is not fully understood. It

has been postulated that LPS induced embryo abortion byactivating

macrophages to produce effector molecules such as TNF-a and nitric

oxide. Further insight into the mechanisms of LPS induced early embryo

loss are discussed in chapters 2,3, and 4 which indicat that LPS could

trigger IFN-i' primed decidual macrophages to produce nitric oxide and

subsequent embryo death.

Treating pregnant mice with Poly I:C, a double stranded RNA and

an established NK cell activator, has also been shown to induce embryo

abortion in most low 10ss matings 2 ta 3 fold (de Fougerolles and Baines,

1987; Kinsky et al., 1990). The Poly I:C model has been used to

investigate the raIe of NK cells and elements of innate resistance in

murine abortion. Chapter 3 clearly indicates that Poly I:C induced
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embryo abortion is dependent on the presence of IFN-y. Therefore, Poly

I:C injected into mice could induce the production of IFN-y by decidual

NK cel1s which in turn would prime deeidual macrophages for nitric

oxide and TNF-a production and embryo 1055.

Cellular and Molecular Effector Factors in Natural and

Induced Murine Matings

Cellular Effectors

Natural Killer (NK) Cells and NK-Like Cells

Natural Kil1er eells are CD3- CO 16+ CD56+ lymphocytes that are

different from T-cells and B-eells, exert eell-mediated eytotoxcicity, and

produce cytokines when activated (Trinchieri, 1989; Ortaldo, 1991;

Murphy, 1985). NK cells are part of the non-specifie or innate resistance

system protecting against disease and cancer. They are the first line of

defense against invading pathogens and tumor cells until a specifie

immune response is initiated. The mechanisms by \vhich NK eens

recognize and kill their targets are currently being investigated in many

laboratories. It is very weIl documented that NK cells kill their target

cells in non-MHC restricted manner. It had been postulated that NK
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receptors, ather than MHC molecules, mediated NK cell recognition ta

foreign cellular antigens (Roth et al., 1994; Ferrini et al., 1994).

It has been shawn that NK ceUs kill target ceUs by two different

mechanisms. The granule exocytosis mechanism, where the killing is

mediated by the formation of hales in the cell membranes of the target

ceUs through the production of perforin and granzymes (van den Broek

et al., 1995). Sufficient perforin to introduce many pores can kili by

osmatic Iysis within 2-4 hours (Berthou et al., 1995). The entry of the

granzymes inta the target cell through the perforin pores initiates

apoptotic death within 24 haurs (Bachan et al., 1995). The other

mechanism is a ligand-receptor mechanism where killing of target ceUs

is mediated by cytotoxic rnolecules binding to their receptors, such as

TNF-a produced by NK ceUs binds to TNF-a receptor on target cells

\\'hich likewise initiates apoptotic death (Naume et al., 1991; 1kuta et al.,

1991).

The role of NK cells in mammalian pregnancy has been studied

extensively over the past two decades. However, conclusive results

concerning the primary roles of NK ceUs at the fetomatemal interface are

still Iacking. 1s the early presence of decidual NK ceUs essential for

successfui pregnancy, or is the appearance of NK ceUs detrimentai ta

the fetai survivaI?
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The presence of NK cells at the decidua is measured either by

identifying NK specifie surface markers or by deterrnining NK-mediated

cytolytic activities against known NK targets such as the T-cell

lymphoma line , YAC-1 cells. Using these criteria, it has been shown

that during very early pregnancy the murine decidua contained

significant numbers of NK cells and high levels of NK cytolytic activity

when tested against Yac-1 target cells. This activity decreased at rnid

gestation and becarne undetectable at the latter half of pregnancy

(Gambel et al., 1985; Croy et al., 1985a).

It has been postulated that the presence of NK-like cells at

implantation sites is necessary for normal pregnancy. It is believed that

NK cells are related to a population of uterine cells known as granulated

metrial gland cells (GMG) that are present in the decidualised

endometrium of aIl mammalian species studied thus far (Bulmer et al.,

1987; Croy and Kiso, 1993). GMG cells expressed a characteristic

marker of mouse NK cells known as asialo-GM l, and lacked markers for

T-cells and B-cells including TeR and CD3 receptors (Stewart, 1994;

Peel and Adam, 1991). It was further shown, by using lethally

irradiated bane marrow reconstituted mice, that GMG cells originated

from lymphoid precursers (Peel and Stewart, 1984). Further evidence

has shown that GMG cells are net a type of NK cells. First, it has been

shown that GMG cells lack sorne membrane receptors such as the LGL-
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1 and NK-1.1/ 1.2 which were specifie for NK ceUs (Parr et al., 1990).

Second, GMG ceUs were proved to be cytotoxic in Beige mice, which had

a genetic defect in NK activity. Third, GMG ceUs were not able to kiU the

traditional NK targets (Stewart, 1994, Croy, 1994). These results

indicated that GMG ceUs were different and not a type of NK ceUs.

Studies have shown that, in the presence of IL-2, mouse GMG and

NK ceUs were cytotoxic to placental trophoblast ceUs (Linnemeyer, and

Pollack, 1991), and that GMG and NK cells contained cytotoxic granules

such as perforin, suggesting that the GMG ceUs could prevent normal

placental development (Lin et al., 1991). The functions of GMG ceUs and

NK ceUs have been shown to be associated with the killing of abnormal

placental tissues, and controlling trophoblast invasions during normal

pregnancy. It has been further postulated that NK ceUs and GMG ceUs

protected the embryo from different viral and bacterial infections (Croy

et al., 1991). The raIe of NK ceUs and GMG ceUs in normal pregnancy

has been disputed by many in vivo experiments. It has been shown that

Beige mice, which showed genetic defect in NK ceUs activity, had normal

pregnancies (MacDougall et al., 1990). Recently, perforin knockout mice

have been generated, and the results showed that perforin deficient mice

reproduce normaUy (Kagi et al., 1994). However TgE26 mice, a newly

generated transgenic mice that completely lack NK ceUs and GMG ceUs,

showed profound reproductive complications. Therefore, GMG cells may
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be essential for normal pregnancy and embry~o survival (Guimond et al.,

1996).

It has been assumed that NK cells were associated with embryo

loss. Studies performed on the high loss murine mating model (CBAI J X

DSA/2) have shawn that the number of asiala-GM 1 positive cells was

significantly higher in resorbing compared ta non-resorbing embryos

(Gendron et al., 1990). Further in vivo experiments have shown that

depleting NK cells with anti-asialo-GM 1 antiserum enhanced embryo

survival (de Fougerolles and Baines, 1987). Significantly, treatments of

pregnant mice with reagents that induce NK cells activity have been

shown to enhance early embryo lasses. For instance, the incidence of

embryo loss in mice injected with Poly I:C, double stranded RNA kno\vn

to induce interferon-mediated activation of NK cell activity, was

significantly increased 2-3 fold (Kinsky et al., 1990; Gendron and

Saines, 1989). Like\vise, it has been shown that IL-2 treated pregnant

mice also express a high incidence embryo loss (Toder et al., 1991,

Saines et al., 1997).

The mechanisms by which NK cells exert their cytolytic activities

against the growing embryo are not fully understood. It could be that NK

cells induce embryo death through the production of perforin-mediated

lysis of trophoblasts, however studies using high 10ss mating models

indicate that perforin is equally expressed in both resorbing and non-
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resorbing embryos. Alternatively, NK cells may kill ernbryonic tissues

through TNF-a production leading to TNF-a receptor mediated killing of

trophoblasts (Lindemann, 1991). Nevertheless, it has been shown that

freshly isolated decidual NK cells from mid-gestation viable and

resorbing embryos had no marked cytolytic activities against fetal cells

or Yac-1 targets (Linnemeyer and Pollack, 1991). Hence, it could be that

NK cells exert their cytolytic activities indirectly by activating other

effector cells, such as decidual macrophages, through the production of

cytokines such as IFN-y and TNF-a.

Decidual macrophages

Macrophages are the ultimate effector cells of many immune

responses. They are called monocytes in the circulating blood, and by

many names \vhen they becorne residents of extravascular tissues

(Nielsen et al., 1994). Macrophages function to eliminate

microorganisms and other antigens from tissues by two mechanisms.

First, a direct mechanism where macrophages engulf the microbe or

antigen and degrade it in cytoplasmic vesicles or by secreting a variety of

enzymes (Gottschall et al., 1995; Deng et al., 1995), oxygen (Rugtveit et

al., 1995; Mattana et al., 1995) and nitrogen radicals (Liew et al., 1991;

Nathan and Hibbs, Jr. 1991). The second mechanism involves

processing and presenting the antigen to the immune systems. This is
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knawn to initiate the immune response through the activation and

recruiting afT-cells and B-cells (Ellis et al., 1991; Walker and Sun,

1991).

The activation of macrophages is not a single step pracess.

Macrophage activation is measured by the ability of a macrophage ta

perform a particular function measured bya specific assay. For

example, a macrophage can kill a certain microorganism in one assay,

but it can not kill another in a different assay. It appears that

macrophage activation depends on the expression of a number of

different genes. Which of the genes is being expressed after a particular

stimulus would dictate the nature of the macrophage response.

Macrophages are activated by a variety of stimuli inciuding

lipopolysaccharide (LPS) (Landmann et al., 1991), Iipoproteins (Cheung

et al., 1991), TNF-a (Brugger et al., 1991 ~ Kopelovich, 1991), and IFN-y

(Fan et al., 1991; Jungi et al., 1991). Interferan-y is considered to be the

major macrophage activation factor.

The role of macrophages in mammalian reproduction has been

studied extensively both in humans as weIl as in mice. Macrophages are

present in bath virgin and pregnant uterus (De and Wood, 1990; Hume

et al., 1984). Nanetheless, the number of decidual macrophages

increased markedly during pregnancy when compared ta that in virgin

mice (Stewart and Mitchell, 1991). This is probably due to the local
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inflammatory reaction associated with implantation. It has been shown

that the number of macrophages was also increased in pseudopregnant

mice suggesting that the process of decidualization, and not the

implantation of the embryo itself was responsible for the recruitment of

macrophages to the uterine site (Choudhuri and Wood, 1992).

Studies concerning the presence of macrophages at implantation

sites during normal pregnancy have been controversial. Studies with

F4/80, a specifie marker for macrophages, have shawn that mature

macrophages were scarce in the deciduum of normal murine pregnancy

(Redline et al., 1990). This contradicted other studies which showed that

F4/80 positive cells were numerous in normal murine decidua (Pollard

et al., 1991, Brandon, 1995). The basis for this dispute is poorly

understood since in both studies the same antibody was used.

The role of decidual macrophages in normal pregnancy is not ~Nell

defined. It has been assumed that decidual macrophages were needed to

eliminate bacteria and parasitic infections at the fetamaternal interface

and to forro the decidua in which the embryo implants (Hunt, 1990).

Decidual macrophages have been shown to produce enzymes and

cytokines that were believed ta be critical for normal reproduction.

These includes colony stimulating factor (CSF-1) which is known to

induce the growth of trophoblast cells \vhich express c-fms, the CSF-1

receptors (Pampfer et al., 1991). üthers cytokines such as transforming
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growth factor-f3 (TGF-P) produced by macrophages has also been shown

to suppress the maternal anti-paternal immune responses allowing

embryo survival (Lea and Clark, 1991).

Recent studies have indicated that macrophages are the primary

effector cells associated with early embryo loss. Using the CBA/J X

DBA/2 moder, it has been shown that the number of macrophages were

significantly higher in resorbing when compared ta non-resorbing

embryos (Duclos et al., 1995; Duclos et al., 1994). In these studies three

macrophage markers were used and the results were consistent in aIl

the experiments performed. Further studies done on normal human

decidua showed the presence of macrophages which expressed surface

MHC class II antigens (Hunt, 1989). In vivo depletion experiments have

further sho\vn that mice injected with antibodies to the Mac-l, a

macrophage marker, showed a significant increase in embryo survival

rate as compared to mice injected with the isotype-matched control

monoclonal antibody {Duclos, personal communication}.

In spontaneous abortion, the state of decidual macrophage

activation is not fully elucidated. More interestingly, it is not clear what

factors are responsible for macrophage activation and how macrophages

mediate effector functions against the growing embryo. The thesis will

present results addressing these questions in chapters 2, 3, and 4.
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Soluble Effectors

lnterferons-a (IFN-a),-j3 (IFN-j3), and -y (IFN-y)

Interferon-a and IFN-~ are type 1 interferons. They are

inflammatory cytokines that are expressed in infected celIs as an early

response to viral infections (Shalaby et al., 1985; Stiehm et al., 1982).

Interferon-a is exclusively produced by cells of lymphoid origin

including leukocytes and macrophages (Williams, 1991), while IFN-p is

produced by fibroblasts and epitheliai ceUs (Ezaki et al., 1991).

The role of type 1 interferons in embryo resorption have been the

subject of increased attention since pregnant mice treated \vith Poly I:C,

double stranded RNA, which induce type 1 interferon production,

significantly augmented embryo loss when injected into pregnant feroale

mice (Lin et al., 1991; Pyo et al., 1991). Further, type 1 interferons

induce NK cell activation, suggesting that type 1 interferons are

associated with embryo resorption through enhancement of NK celI

activities.

lnterferon-y is a type II or lymphocyte interferon which is one of

the most important immunoregulatory molecules ta have been described

in the last 30 years. T-ceUs and NK cells are the two celI types that

account for most of the IFN-y production (Benveniste and Senos, 1995;

Young and Hardy, 1995). Interferon-y was first described in the
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literature for its anti-viral and anti-tumor activities. Interferon-y has

been shown to be the major cytokine responsible for the activation of

macrophage resistance to microbes and cancer (Mossman et al., 1995;

Biron, 1994). Interferon-y activates macrophages to produce a variety of

cytokines and factors such as TNF-a, oxygen and nitrogen radicals that

have been shown to be extremely efficient in eliminating microorganisms

(Guidotti et al., 1994; Noronha et al., 1993). Interferon-y enhances the

expression of MHC class II molecules on antigen presenting cells

including macrophages and B-cells (Tanaka, 1994). In mice, Interferon-y

is known to be produced by THO, and TH 1 cell populations (Murphy et

al., 1996). Interestingly, it has been shown that IFN-: suppressed the

production of TH2 cytokines thus enhancing TH 1 mediated cellular

immunity (Xu et al., 1996).

In terferon-y is believed to be involved with viral clearance in

normal pregnancy. However, if IFN-y was actively produced by deeidual

NK cells, a major effector cell population assoeiated with early embryo

loss, it was proposed that the initiation of decidual IFN-y production

might be critical in determining the suecess or failure of a pregnancy.

Studies involving site specifie localization of IFN-y expression at the

implantation sites are stilllacking. However, the presence of IFN-l'

reeeptor in human and mouse macrophages, endometrial eells and
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trophoblast has been reported by many investihgtors (Chen et al.,

1994c; Paulesu et al., 1994)

It has been reported that IFN-y was associated with early embryo

loss. Exogenous IFN-y injected into pregnant mice significantly

augmented the incidence of embryo loss (Chaouat et al., 1990). It has

been further shown that a significant increase in systemic IFN-y

production was observed in mice that had a high incidence of embryo

loss and not in those with a low incidence of embryo loss (Krishnan et

al., 1996b). However, the mechanisms by which IFN-y mediate embryo

resorption are not fully understood, and further studies of the local

production and expression have not been addressed.

Interferon-y exerts its effect through binding to a specifie receptor.

Interferon-ï receptor belongs to the Type II cytokine receptors, which

also include receptors for type l interferons. The extracellular domain of

the IFN -y receptor comprises two immunoglobulin domains that contain

a set of four spaced cysteins (Miyajima et al., 1992; Kishimoto et al.,

1994). The mouse IFN -y receptor gene has been cloned and sequenced

by different investigators (Kumar et al., 1989; Gray et a1., 1989), and the

results have shown that these receptors are ubiquitously expressed in

many tissues and celllines. Expression of the IFN-y receptor gene in

mouse uterus and placenta have been studied at the mRNA as well as

the protein levels. The results have shawn that the levels of expression
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of the IFN-r receptor in the placenta and uterus increased with

gestational age and were selective to certain cell populations including

specific placental cells, macrophages and NK-like cells (Chen et al.,

1994a; Chen et al., 1994b). These results concluded that IFN-r might

play a primaI}' role in the normal development of the embryo in murine

pregnancy. However, these studies have not investigated the functional

importance of these receptors. Recently, the IFN-y receptor knockout

mouse has been generated. The reported data showed that these mice

were healthy and showed normal reproductive performance (Huang et

al., 1993) indicating that IFN-y regulation through IFN-r receptors was

not necessary ta assure successful pregnancies.

Chapter 3 addresses the role of IFN-r in spontaneous abortion in

IFN-: knockout mice and suggests mechanisrns by which IFN-y

mediates ernbryo loss.

Tumor necrosis factor-a (TNF-a)

Although many cells are capable of producing TNF-u, activated

macrophages are considered the major source for its production. TNF-a

is a multifunctianal cytokine which has been first identified by killing

tumor cells (Sugarman et al., 1985; Nedwin et al., 1985b). Now, it is

known that TNF-a is the principal mediator of the hast response against

gram negative bacteria and other infectious organisms (Hachiya et al.,
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1995; Degre and Bukholrn, 1995). Further, TNF-a can be a growth and

differentiating factor in other tissues. Turnor necrosis factor-a is a trimer

and is expressed as a an integral transmembrane precursor of 26 kd.

Proteolytic cleavages re1ease the 17 kd mature protein into the medium

(Kriegler et al., 1988; Scuderi, 1989). The genes that code for TNF-a are

located within the MHC genes on chromosome 6 in humans and 17 in

mice (Nedwin et aL, 1985a; Nedospasov et al., 1986).

The induction of TNF-a by different cell populations is dependent

on the stimulus used. For examp1e, tissue macrophages and monocytes

are primarily stimulated with LPS (Aggarwal et al., 1985a; Beutler et al.,

1985). On the other hand, B-cens, T-cells and NK cells produce TNF-a to

different stimuli such as phorbol diester, phytohemagglutinin, and

concanvalin A (Christmas and Meager, 1990; Cutun et al., 1987).

In the context of pregnancy outcome, TNF-a had been shawn to

be associated with embryo loss. Mice injected with TNF-a showed a high

incidence of embryo 1055 (Chaouat et al., 1990). On the other hand,

treatment with pentoxyfilline, an inhibitor of TNF-a production, or anti­

TNF-(l antibodies augmented embryo survival (Roberts et al., 1990;

Baines and Gendron, 1993).

Tumor necrosis factor-a mediates its effect through binding to

specifie receptors. Two TNF-a receptors have been identified, the TNFR 1

(55 kd) and TNFR2 (75 kd). Both of these receptors have been shown to
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be expressed in many tissues (Aggarwal et al., 1985b). The two receptors

belong to the TNF-like receptor family which also contains Neuron

growth factor receptor, Fas/Apo antigens, CD4ü and many others

(Stamenkovic et al., 1989). Interestingly, these receptors have been

shown to induce programmed cell death or apoptosis in many cells and

tissues (Cleveland and Ihle, 1995). In general, TNFR1 has been shawn to

be responsible for most of TNF-a cytotoxic effects, while TNFR2 was

more involved in cell proliferation (Jacobsen et aL, 1994).

The expression of TNF receptors has been studied in both human

and murine implantation sites. The results have shown that TNFR 1 and

TNFR2 were expressed in most of the tissues tested. TNF receptors

transcripts were found in the uterine epithelium and trophoblasts. The

results further showed an increased selective expressions of the TNF

receptors in some cell populations with gestational age, suggesting that

TNF-a might be involved in regulating the growth of growing embryos

(Yelavarthi and Hunt, 1993). Conversely, knockout mice that were

deficient in TNFR 1 and TNFR2 sho\ved no signs of abnormal or impaired

pregnancy parameters {Pfeffer et al., 1993; Erickson et al., 1994}.

Recently, in vitro studies has shown that TNFRl, but not TNFR2 was

responsible for inducing apoptosis in primary villous trophoblasts

suggesting that TNF-a production might be deleterious to the growing

fetus (Yui et al., 1996) .
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Besides TNF-a production, activated macrophages are aiso known

to produce a number of cytotoxic moiecules such as nitric oxide. The

property of nitric oxide has been reviewed extensively in chapters 2, 3,

and 4. l refer the reader to these chapters for references.

The role of TNF-a and nitric oxide in early embryo loss has been

discussed in chapters 2, 3, and 4.

Immunotrophic and Immunosuppressive Soluble Factors

Immunotrophism is a hypothesis in which it is proposed that the

maternaI immune response developed against fetai cells leads ta the

production and release of cytokines that can serve as positive growth

factor for trophoblasts (Lala et al., 1983c). This hypothesis was

supported by the observation that immunostimulation of the pregnant

female mice \vith paternai or third party leukocytes enhanced embryo

survival. Sorne of these immunotrophic factors have been identified and

they include cytokines such as IL-3, GM-CSF, and CSF-l (Chatterjee­

Hasrouni and La1a, 1982; Lala and Kearns, 1985; Laia et al., 1983b).

The role of these cytokines in determining pregnancy outcome has been

studied in a rnouse model of high embryo loss. The results showed that

administration of any of these cytokines into pregnant mice augmented

embryo survival (Hunt et al., 1988). Furthermore, depleting T-cells

during pregnancy, which is the only uterine source of the IL-3 and GM-
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CSF, compromised pregnancy outcome (Athanassakis et al., 1987).

However, these results have been disputed by data derived from mice

with genetically engineered gene knockouts and natural mutations in T-

cells and MHC antigens. It has been shown that SCIO, nude, Beige and

MHC deficient mice were all able to reproduce normally (Clark et al.,

1989). These results do not deny the importance of imn1unotrophic

cytokines in pregnancy success, but rather suggest that a source

different that T-cells may be responsible for their production.

Immunosuppression

The theory of immunosuppression in pregnancy has been the

bases of many mechanisms to explain the survival of allogeneic fetus.

However, as mentioned previously, there \vas no agreement on the

identification and characterization of the immunosuppressive ceUs at

the fetomaternal interface. Interestingly, it was observed that cytokines

which had been known ta suppress cell mediated cytotoxcicity were

associated with embryo survival. T\vo of these cytokines, TGF-~ and IL-

10, have been studied in the murine model of early embryo 10ss . It was

shown that the expression of bath cytokines were increased in healthy

embryos and decreased in resorbing embryos. Administration of IL-lOto

gravid mice with high embryo loss significantly augmented embryo
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survival (Chaouat et al., 1995). On the other hand, anti-IL-ID antibodies

had the opposite effects and lead ta increased embryo resorption.

Conclusion and Prospective

Many hypothesis have been postulated to explain the mechanisms

that leads to spontaneous abortion or early embryo loss. Although, sorne

of these postulates account for genetic , anatomic, endocrine, and other

mechanisms, the immunological etiology of early embryo 10ss is

receiving increased attention. Most of our kno\vledge on embryo loss is

based on observation derived from human and murine models of early

embryo loss. It is impossible to identify one mechanism that could

explain aIl the reported observations and results on repeated abortion.

One of the most consistent observations is that the TH 1/TH2

cytokine balance is very critical to pregnancy outcome. It was postulated

that the success of pregnancy is normaIly maintained bya dominance of

TH2 over TH 1 cytokines. This review undisputedly showed that TH 1

cytokines endangered embryo survival and that TH2 cytokines enhanced

embryo survival. Due to the overaIl paucity of decidual T-cens, the

presence of TH 1 and TH2 cens in the implantation sites, on the other

hand, is controversial. Hence which cell populations, other than T-cens,

are responsible for maintaining the cytokine balance is currently

unclear. Studies by sorne have shown that y/ô T-cells were present at the
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.. implantation sites, and that these cells could mediate an immune

response through the non-traditional recognition of heat shock proteins

and production of regulatory cytokines. Other non-immune cell

populations, such as trophoblast cells, natural killer cells and

macrophages might be involved. Whether it is an immune or a non­

immune initiating mechanism, the activation of the immune effector arm

has been sho\vn to be extremely critical to pregnancy outcome.

[n this study, 1 will explore the innate and non-specific immune

effector mechanisms involved in early embryo loss. 1 will present

evidence that activated macrophages are responsible for most of the

damage in early abortion through the production of nitric oxide. [ \vill

show that TH 1 cytokines such as IFN-y and TNF-a are the cytokines

responsible for macrophage activation and leading consequently to

embryo loss.
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- Preface ta chapter 2

We have previously shawn that bath NK cells and macrophages

were associated with early embryo loss. In this study, we studied the

state of decidual macrophage activation at the implantation sites of the

high and low resorption matings. We further investigated the role of

nitric oxide, a cytotoxic molecule produced by activated macrophages,

on embryo survival.
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Early Embryo Loss Is Associated with Local Production of
Nitric Oxide by Decidual Mononuclear Cells
By E. K. Haddad,A.J. Duclos, and M. G. Baines

From che Departmerrt oj ~'-'liCTObiologyand [mmun%gy, McGill L~niversity, .\-fontreal. Quebec.

Canada HJA-2B4

Summary

ln early embryo loss. the tetus mOlY be considered tO he an allografr and. merefore. may be re­
jected by materna! immunocytes. However, the eytotoxic mechanisms involved are still poorly
understood. We have pre,,;ous1y sho\\-n the involvemenc of nawru killer (NI<) celIs and
mononuc1ear cells expressing Mac-1 (CD 1lb) and F4!80 in resorbing compared to nonresorb­
ing embryos. ln chis study, the role of nimc oxide (NO) in the mechanism ofearly embryo 105s
\Vas studied. Pregnant CHAI] females mated \Vith DBA/2 males (20-30% early embryo 10ss)
and COI females mated \\."Ïth CDl males (5-10% early embryo 1055) ..vere srudied on d4ys 8,
10. and 12 of gestation. Cells from the irnplanuoon sites of individual embry'os were tested for
the production of nitrite and nitrate with or without in vitro challenge ""'Ïth lipopol'ysacchande
(LPS) co determine whether decidual macrophages were primed in situ. On clay 12 of gesta­
tion. when resorption WOlS c1early 'visible. resorbing embryos showed more chan a fivefold in­
crease in both basal- and LPS-inducc::d nittite and nitrate production compared tO nonresorbing
embryos in beth mouse 5tr.lÎns tesœd. indicaring that the decidual mononuclear ceUs were
pnmed. Furchermore. more chan 20% of CBAI] embryos sho...':ed a 5ignificanc nitrate release
on chys 8 and 10 of gestation before any signs of embryo cytopathology. This percentage cor­
responded tO the sponcaneous resorprion rate seen in CBAI] female X DBA/'! male marings.
Similarly. 4% of the embryos trom pregnant CD1 mice on days 8 and 12 of gestation produced
a significam amounc of nitrate. which again corre1ated \\O;m the low incidence of resorprion ob­
served in these mice. Using inununohistochemisay. the presence of inducible nimc oride syn­
chase (iNOS) was detected Olt implantation sites. Furtherrnore, decidual celis posltive for both
iNOS and the macrophage marker Mac-l \Vere demonstrated in implantation sites by double
immunostaining. This scrongly suggests chat decidual macrophages could be the cellular source
of NO production. Aminoguanidine. a selective inhibitor of me iNOS, inhiblted the in vitro
production of nitric mcide by celIs isolated from individual implantation sites. and more snik­
ingly, signiôcancly reduced early embryo losses in CBAJ] females mateà by DBAI2 males
when given orally or parenterally co the gravid females starring on day 6 of gestation. ln addi­
tion. aminoguanidine-creared pregnant mice showed a slgruficant increase ln average litter size
when the pregnancies \....ere allo'\ved to proceed to tenn. The results presemed scrongly sug­
gested a role for NO as an effector molecule in mediating early embry'o 105s and showed chat
the in situ activation of decidual macrophages was an early evem preceding sponcaneous
abortion.
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The mechanisms of early ernbryo loss observed in humans and many other

animal species are not yet fully understoodo Most of our knowledge regarding the
mechanisrn of early fetaI resorption has been obtained by studying the cell biology of
resorption prone matings of CBA/J X DBA/2 mice. The naturai resorption rate in
CBA/J fernales when mated by DBA/2 males is 20% -25% (1). This could be further
increased to 60% of the litter if the females were injected \vith Poly I:C. a synthetic
double stranded RNA molecule, capable of inducing interferons which activate in­
nate resistance (2). The mechanism of enhancement of early embry-o loss by poly I:C
showed a similar time course and cytopathology to that observed in the untreated
CBA/J females mated with DBA/2 males (3,4). By using this experirnental model,
we have previously ~hown that NK cells were associated \\-ith early fetai rejection.
NK cells heavily infiltrated sorne. but not aU embryos at day 8 of gestation (5).
Furthermore, injecting pregnant CBA/J mice \\ith anti-Asialo-GM 1. a rabbit anti­
NK cell antiserum, significantly reduced the incidence of resorption (6). Recently,
we reported the association of maternai macrophages with early ernbryo loss (3).
Implantation sites from potentially resorbing embry"os sho\ved a significant increase
in decidual Mac-l, and F4/80 positive cells compared to non-resorbing embryos. In
addition, other researchers have shown that normal embry·os show significant nurn­
bers of leukocytes in the decidual and placental tissues (7-9). Taken together. these
results suggested a role for macrophages and NK cells in mediating early fetal rejec­
tion. However, these studies did not address the cytolytic effector mechanisrn in­
volved and the state of activation of the infiltrated leukocytes.

The involvement of cytokines such as turnor necrosis factor-a (TNF-a), inter­
feron-of (IFN-rL and interleukin-2 (IL-2) in the mechanism of fetal rejection have
been reported (10). Interleukin-2 induces the production of IFN-of by NK cells (11).
Interferon-y secreted by NK cells primes macrophages for TNF-a and nitric oxide
(NO) production (12-14). In fact, these cytokines were ShO\\ïl to increase the fre­
quenc)' of resorption in CBA/J female X DBA/2 male matings (la). However, direct
evidence of embryotoxic effects of these cytokines in mediating embryo loss is still
lacking.

In this study, we luvestigated the role of macrophage activation in early em­
bryo loss as determlI&t,;L.l by the release of nitric oxide, a macrophage derived cytotoxic
molecule, synthesized by an enzyme called nitric oxide synthase (NOS). Nitric oxide
is a short-lived mediator which can be induced in a variety of ce II types and produces
many physiologic and metabolic changes in target tissues and cells (15). At least
three isotypes of the NOS enzyme have been identified, including t\VO constitutive
isotypes (cNOS), found in endothelial and neuronal cells, and an inducible isotype
(iNOS), present in activated macrophages and neutrophils (16). The iNOS is induc­
ible by IFN-r , TNF-a, Interleukin-l (IL-1), and LPS (17). Unlike the constitutive fonn,
the inducible isotype binds calmodulin with high avidity and hence it is essentially
independent on added calmodulin for its action (18). Calmodulin copurifies with the
iNOS follo\ving boiling in SOS, thus calmodulin acts as a constitutive subunit of the
iNOS (18). Bath isotypes convert L-arginine into L-citrulline and nitric oxide, and
bath are inhibited by many L-arginine analogues such as N-monomethyl arginine (L­
NMMA), and aminoguanidine (AG) (19,20). The latter is very· much more inhibitory ta
the iNOS rather than to the cNOS (21-23) .

..-ibhmntUlons ustd ln chis papn: AG. munoguamdine; BCG. B~cillc: Cal­
mette-Guénn; cNOS. consotutive mmc oX1de synduse: DAB. diami­
nobcnzJdine: INOS. mducible nicnc oxide s~mduse; l'ADPH. nieorina­
rrudc dinuc1eotlde phosphate: T'O. mtric oxide: NOS. mme oXIde

- synrnasc.
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Two signais are needed for an effective synthesis of nitric oxide by macroph­

ages: a priming signal which is usually mediated by IFN-'(, provided by activated T­
cells and/ or Natural Killer cells, and a triggering signal that is delivered by either
TNF-a or LPS (17). The rationale behind these studies proposes that decidual infiltra­
tion by activated NK cells and macrophages provides the necessary components for
the priming of decidual macrophages and release of macrophage derived cytolytic
factors. This study shows that decidual macrophages are primed in vivo during early
pregnancy and that activated NO production is associated \Vith early embryo loss.

Materials and Methods

Experimental Animais

OBA/2 males and COI mice were purchased from Charles River (St. Con­
stant, Quebec) and CBA/J females \Vere purchased from Jackson laboratories (Bar
Harbour, Maine). The housing and handling of the experimental animaIs \vas in ac­
cordance with the guidelines of the Canadian Council for Animal Care. Four female
mice \Vere housed with a single male, and checked daily for the presence of a copula­
tory plug. The day of appearance of a mating plug was arbitrarily designated as day O.
Mice were then killed by cervical dislocation at days 8, 10, and 12 of pregnancy. To
increase the basal incidence rate of resorption, a separate group of CBA/J females
\Vere injected intraperitoneally (i.p.) \Vith 30 ~g of poly [:C at day 6 of gestation. Treat­
ment with poly I:C has been shown to increase fetai resorption up to 60% (2).

Primed macrophages were obtained from the spleen of non-pregnant mice 5
days after they \Vere injected \\ith 1.4X108 viable Bacillus Calmette-Guerin (BCG).

Preparation ofDecidual cell Suspension

The uteri \Vere surgically removed and the number of viable implantation
sites together with the number of resorbing embryos were counted. For days 10 and
12 embryos, the uterine tissues were peeled off and the implantation sites \Vere
separated from the embryos. At day 8, both the embryo and the implantation sites
were used as sources of cells due to difficulties in separating them. Individual im­
plantation sites were minced, in 1 ml of cold Hanks Balanced Salt Solution (HBSS),
into very small pieces using a sterile Richard utility blade. The cell suspensions
together \Vith the tissue debris \Vere filtered through a 93 ~m Nylon mesh (Thompson
B & SH, Montreal, Quebec). The filtrates were centrifuged at 200g for la minutes in a
Sorval centrifuge. Contaminating red blood cens \Vere disrupted in sterile lysing buffer
(O. 15M NH~Cl) for 3 minutes at room temperature . The cells \Vere then \vashed in
HBSS. The last wash \Vas done in nitrite, nitrate, and phenol red free Minimum
Essential Medium (MEM) (Sigma, St. Louis, MO), supplemented \Vith L-glutamate
(2mM), penicillin (IOOU/ml), streptomycin (100 fJgfml) and 5% Fetal Calf Serum (ICN,
Montreal, Quebec). The pellet was then resuspended at 1 Xl 06

/ ml in nitrate free
MEM. Generally, more than 900/0 of the cells \Vere viable as shown by trypan blue
exclusion, and about 10% stained with Mac-I and F4/80 antibodies (data not shown).
The cell suspension \Vas then aliquoted to a 96 well flat-bottomed culture plate (100
~1/well) ( Flow Laboratories, Virginia) and the cens \Vere incubated \vith either 50 ~l of
meduim containing 10 ~g of LPS (055:85 E.coli, Sigma) or \Vith meduim alone. In
sorne of the experiments 1 mM of aminoguanidine (Sigma, St. Louis, MO) was added
in a volume of 50 fJI of meduim. ACter overnight incubation at 370 C in a 50/0 CO,
incubator, the supernatants \Vere harvested and tested for the presence of nitritè
and nitrate.
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Single and Double Immunohistochemistry

In this experiment frozen sections (8 Jlm thick) were prepared from day 8
uten, were air dried and flXed in 2% Paraformaldehyde (Fisher Scientific, New Jer­
sey). Ta reduce non-specifie staining, sections were incubated with normal goat se­
rum (Vector Laboratories, Burlingame) for 20 minutes at room temperature. In single­
labelled immunostaining, washed sections \Vere then incubated with rabbit anti­
murine iNOS antibody (1: 1000) (Transduction Laboratories, Kentucky) overnight at
4 oC. Sections were equilibrated at room temperature for 1 hour and then incuhated
with biotinylated anti-rabbit IgG antibody and later with avidin:biotinylated horse­
radish peroxidase complex (ABC) used according to the manufacture 's instructions
(Vector Laboratories, Burlingame). The colour was developed for 5 minutes with per­
oxidase substrate, diaminobenzidine (DAB) (Sigma), and counterstained with Mayer's
hematoxylin (Sigma). Sections were then mounted \Vith crystal/Mount (Biomedia,
Foster city).

[n double-Iabeled immunostaining, slides were simultaneously incubated with
rat anti-Mac-l antibody (American Type Culture Collection, Rockville) and rabbit
antî-iNOS antibody. Washed sections \Vere incubated with alkaline phosphatase con­
jugated goat anti-rat [gG (Sigma) together \vith horseradish peroxidase conjugated
goat anti-rabbit [gG (Sigma). The sections were first stained \Vith alkaline phos­
phatase substrate, 5-Bromo-4-Chloro-3-[ndolyl Phosphate/ Nitro Blue Tetrazolium
(BCIP/NBT) (Sigma). Levamisole (Sigma) was added to the substrate buffer to reduce
the activity of the endogenous placental phosphatase. The washed sections were
then incubated with DAB, a peroxidase substrate. Sections were then mounted with
Crystal Mount (Biomedia, Foster City). [n both staining methods endogenous peroxi­
dase was quenched \vith a 15-minute incubation in 3% hydrogen peroxide solution
(Sigma) in 1000

/0 methanol (American Chemicals, Montreal) follo\\ing incubation
,vith the primary antibody. As a negative control, sections were incubated with the
second antibodies and substrate without exposure ta primary antibody, or \Vith the
addition of a primary isot)'pe control antibody.

Preparation ofspleen cell suspension

Spleen cells from mice injected 5 days previously with BCG, were prepared
by mincing the spleen in 5 ml of RPMI 1640 medium (G[BCO) supplemented with 50

/0

fetal calf serum, 2mM L-glutamate, penicillin (100 U/ml) and streptomycin (100 !J.g/
ml). The cell suspensions were sedimented for la minutes on ice. The tissue debris
was discarded and the cell suspension was centrifuged for 5 minutes at 200 g. The
resulting pellet was then washed 3 times \\'ith HBSS. The cells were resuspended in
RPMI at a concentration of 1 X 10'/ml and aliquots of 100 !J.l \Vere placed in each weIl

of a 96 weIl Oat-bottomed plate in the presence or absence of 10 !J.g of LPS at 37°C and
5% CO 2"

Assay for nitn"c Oxide

Nitric oxide produced by activated macrophages accumulates as nitrite
(NO:.!") and nitrate (NO)-) in the culture supematant. Nitrite in 50 !J.l of the culture
supernatants were assayed with Greiss reagent (24). Briefly, equal amounts (50 J.ll)
of the supernatant and Greiss reagent (Sulphonamide, 1% in 2.5% H3P0-J' and (1­
Naphthyl)Ethylenediamine, 0.1% in water) were allowed to react in flat-bottomed

1146 ~ilric Oxidc in Murinc :\bortion
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96 weIl culture plates, with gentle mixing, for la minutes at room temperature. The
colored product was read on a Titertek Multiskfu1 reader at 540nm using as 670nm
readings at reference wavelength to compensate for non-specific absorbance. The
concentration of nitrite in the samples \Vere determined as ~lM of NO using the
standard curve for nitrite included in each assay. Where total NO production as both
nitrite and nitrate were assayed, nitrate \Vas first reduced to nitrite and then de­
tected by the Greiss reagent using a kit obtained from Boehringer Mannheim. Briefly ,
the reduction of nitrate to nitrite was achieved by using nitrate reductase enzyme
purified from Aspergillus species in the presence of NADPH. Twenty microliters of a
NADPH solution, prepared by dissolving 0.5 mg ofNADPH in 400 ~l ddH20, was added

to 50 JlI of the supematant followed by 9 ~l of purified nitrate reductase (SU / ml). The
mixture was incubated for 20 minutes at room temperature and the reduced nitrate
\Vas then detected by the Greiss reagent as described above. The concentration of
nitrate \Vas deduced from a nitrate standard curve. In effect, this assay measured
total NO production.

Treatment ofmice with aminoguanidine

Pregnant CBA/J femaIes mated by DBA/2 males were injected at day 6 ,vith
30 ~g of poly 1: C. From day 6 to day 10, the mice were injected n\lice daily with 6 mg
of aminoguanidine (AG) (i/p), while control mice received saline. Alternatively, ta
avoid the trauma associated '\lith injecting mice, AG was added ta the drinking ,\rater
(0.6 g/ 100 ml) from day 6 to day 10. The mice were killed at day 12, and the number
of implantation sites together \\lith the number of resorbing embryos were counted
as described above. The proportion of resorbing embryos \Vas presented as a percent­
age as derived from the formula: 100 X Resorbing embryosJ (Viable plus resorbing
embryos). A separate group of miee \vere allowed ta survive to term and the number
of delivered embryas were enumerated and examined for gross morphologie defects.

Results

Production ofNitric Oxide is a Sensitive lndicator of!v[acrophage Priming

Ta demonstrate the utility of NO as an indicator of the priming of macrophage
in vivo, splenocytes were isolated from BCG primed mice and challenged with LPS in
vitro. It was apparent that the augmented ability of macrophages ta produce NO \Vas a
sensitive measure of macrophage activation. Resting macrophages produced little
NO whether or not they were challenged '\lith LPS in vitro, while BCG primed splenic
macrophages produced significant amounts of NO when challenged with LPS com­
pared ta the BCG primed macrophages alone (fig 1). Furthermore, the quantity of
nitrite produced was directly proportional to the number of spleen cells incubated
(Data not shown). These results showed that both a priming signal and a triggering
signal were needed for macrophages to produce nitric made. Therefore, the produc­
tion of NO by mononuclear cells in response to in vitro challenge with LPS could be
used as a sensitive indicator of the priming of macrophages.

Nitric O.tide is Produced by Decidual Cells[rom Resorbing Embryos

In this study, we investigated the raIe of NO as an effector molecule in the
mechanism of early fetaI rejection. Assays of NO production by cells at the implanta­
tion sites from CBA/J femaIe miee indicated that decidual mononuclear cells were

1147 Haddad et al.

107



Source of Spleen Cells

c...~

BCG Primed

R"orb1nv CSAlJ

Resorblng C01

Non-RHOrtling CBA/J

Non-Raortling C01

Unprimed

» -.

i ""S
il l._
i 14

'".5: t1 ...

~ '0,

~ I-

i
li

~ Z_....-.-._~._~
Cda"EII

:0

~ '1 "A'!
li 11.

i
i '~ .
J '0 .
0

1 -

~ ..
"
~ z'u

~!M

Fi~n 1. :-':1t=:C OXJèc ?roduc:lon cv BCC'....pnrncd spicen celIs :-11'c
""efL~ In.lcetcd m=pcntonnUy ""th I,~ x 10" BCG orlZU1lS:tU or PBS.
me 5 d ~ler. Ipleen ceUs .....erre coUected fI X 10"mn-;and ch~Ucngcci

....lrtl LPS ln ',cro, Culturre SUp=~cnD ttem • x 10" sple~n ecUs pcr wcil
,"Cl:~tr:d W,th 10 I-Lg oilPS per .....cU ""erre h;&f\"cneci me .uu...ed for:"'O
,)~cumal,)tlon ~! r.llntc u!mg the Gre~•• ~~gcnt Qrwn ban. nlmc olQdc
producoor. :,v cdls ch~llcngr:ci Wlth LPS. :Îcud il.zrJ. ~ei1s ciuUer~r:ci wlth
:r.edlum ~onc Resula expr=:::.u j,L\1 :"'0'5 x :1" cdu

~gure 2. :\."ltrlC onde produCtIon ov cdIt from Impbnunon mes ~en
trom CB.".!.! (."It ~nd CO. (8) =orbmg ;and nanrr:-sorbing embrvos or:
<uy 1~ ci sesUDOn. Prregnmt fczuje nuce werre iulJcd on cùy 12 of geu~­
Con. .;and ce!b fll}l :n ! 00 ~) ITem 1::l;U,"tdI::l1:rnpl;anuQon Slt~ of rnorb.
m; ~rlj nOnlOorbing o:n1bt'vas WCTe ptqnn:d for ln vnfQ cb~enge Wlm
LPS Culture supenuana wcre :uuved for t.&'c p~et1cc oir-:O JS mmle.
~nd me :ncia were crp~ .as rmeromoles oi~O III ~e culture .uper­
n;&Un~ Opnt Dari. :'\0 produecd bv LPS-<h1l1~!led ceU cultures; doml
1:.." . .:eth C'.u=d W1:h PBS Resulc:s = ;::resenred.as tJ'IC2n5 :: 50 for n­
~vs prerfonned usm!! ~ cn:\lJ Jnc ! 1 CD! mlce

primed in vivo and were responsive to chal­
lenge by LPS (fig 2). Furthennore, decidual
ceUs from resorbing embryos at day 12 of
gestation produced significantly more NO
than non-resorbing embryos. Likewise, de­
cidual ceUs from CO 1 mice produced simi­
lar concentrations of nitric made, and more­
over, resorbing embryos from CO 1 female
mice showed elevated quantities of NO (fig
2). Therefore, production of NO appears to
be a good Marker for embryl) resorption.

The results documented in figure 2
showed that implantation sites taken from
day 12 resorbing embI}ros ofboth CBAjJ (fig
2a) and CD 1 (fig 2b) produced significantly
more NO as compared to non-resorbing
embryos. When the data was plotted as a
frequency histogram, the production of ni­
trite by individual embryos from both CBAj
J and CD 1 females at day 12 of gestation
showed a distinct bimodal distribution (fig
3). This bimodal distribution \Vas also seen
when day 12 CBAjJ embryos were tested
for the production of nitrate (fig 4). However,
it was clear from this data that nitrate was
a more sensitive indicator of total nitric
oxide production than nitrite alone, and for
subsequent assays nitrate was measured.

AIl the resorbing embryos from
pregnant CBA/ J mice produced between
30 and 70 ~M of nitrate per 105 cells de­
cidual mononuclear ceUs. All the non-re­
sorbing embryos produced between 0 and
30 JlM nitrate. Therefore, the nitrate pro­
duction by the non-resorbing embryos was
used to define the limits of normal nitrate
production for the analysis of embryos at
earlier stages of development. The day 12
non-resorbing embryos produced an aver­
age of 11.23 ± 6. 12 J.lM of nitrate and the
upper 95% confidence limit for nitrate
production \Vas computed as 22 J.lMj 105

decidual cells. Using this value, nitrate
production by individual embryos at day 8
and day 10 of gestation were categorized
as being normal or significantly in­
creased. Table 1 shows data for CBA/J X
OBA/2 matings in which an average of
23 % of embryos between day 8 and 12
showed increased nitrate production.
Similarly, 3 % of embryos from CD 1 X CO 1
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matings showed elevated levels of ni­
trate production between day 8 and 12.
Therefore, in both of mating combina­
tions the production of significant con­
centration of nitrate was associated with
embry"o 10ss. More interestingly, de­
cidual cells from CBA/J X DBA/2 em­
bryos at day 8 and day 10 produced sig­
nificant amounts of nitrate even in the
absence of LPS suggesting that NO pro­
duced damage may have already begun
as early as day 8 in these embryos.
Therefore, increased NO production by
cells at the implantation sites preceded
visible embryo resorption.

Expression ofiNOS Protein by Decidua[
Mononuclear CeUs

-

Figure 3. The: :rec;ue:ncy ot d.:str.ouoor. of lbv 11 c:moryos vns\;S mmtt'
prudur;non. ecUs from Ilnp~r.at1on utes trorr: rcsoromg ~nd nonresorb­
mg cm:,ryOi wcre indi"'ldwJ1y resred for NO produc;non ~ nimrc on tU..
12 10 .; CBA.J f~~ nu:cd ....-im OBA/l tn.ÙC1 (A). and Il CD 1 fe­
r:uJC1 rr~rcd ",,;t.~ CD 1 aWC1 (B). The rcsulrs ue: =xtIrcssed lS rrucromolcs
NO :'"1 the culture: SUpc;IU~t. B.ln md.1otc the: n~r of embry~ pro­
ducmg e.:rwecn 0 md 16 ~M of ::ut:"ltc by 1nS ciccic!wl ce:ll~ by 2-1/o-o'vt 10­

:crvm. ·Gro~ps of~..,. ! 2 embl'\'~ rhJt werc .ûl resorbmg.

To investigate the presence of
iNOS in pregnant mouse uteri, implan­
tation sites from CBA/J females mated
with D8A/2 males mice \Vere stained
\Vith rabbit anti-mouse iNOS antibody.
Fig (Sa) shows a representative view of
a day 8 embryo, where positive cells were observed in the

ra _

!
.a T
.01

~ 1r .0 t

~ 1'Ci ~o

~ 1

20 t

If '0 ,.

Figure 4. The frequency dismbutlon of clay 12 CBA/J embryos vs coul
nitrie oxide production (niente plw mente). Cells from ImpUntatlon sites
from resorbing and nonresorbing embryos t4ken trom four CBA/) fe­
males were individually tested for toal NO produCtlon as both mrnte :md
rutr.lte. The resulu are expressed as micromoles of NO in the culture su­
pemat4l1t. Bars mdiate the number of embryos producmg between 0 and
70 IJ-M of NO by lOs decidual ceUs by lO-IJ.M inœrvals. • Groups of clay
12 embryos mac were aIl resorbing.
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Figure S. DetectIon o( INOS ln lllome dc:cldua. Frozen sc:ctlom wen: ;ur dned (or (, b. faxed 111 2% pJr;ltonluldehydL' tor Jo 1111ll. :Incl w.nhed Wllh
Tm-HCL pH 7.46. be(on: sU1I1111g SCCtlO05 were m:ated wlth (11 ;lI1d c) :lI1d wllhout (11) .\lltl-INOS :llltlbod\". n:5pectlvcl\'. HJ\lII:d Wlth DAU..1110 (OUI1­

tenOllled wlth M:Jyer', hematoxyllll (11) A lov.: power VIC\\,' oflNOS It;lIlllllg III J day lol cllIbryo (X32) The clIIbrvOlllL (J~Huie ŒC; .mo tht: .1rCJ nt

POSJUvc nall1mg (ttrTllIIJ) ut: IIldIC;lted. (b) A neg;ltlve comrol H:l1I1 lt1 whlch tht: pnmar\' .mnbody wa\ not :lddt:d. (C! A poplllJnon ot' lNOS-pmltlvL" ccII,
(l7fTlllI'J) ~urroundlllg tht: ell1bryaOlc c:pmh: (nat shawn) Jt X 1100 (d) Sectlam werc tre:atcd wlth bath nbblt .lIm-LNOS :alld rat JI1tI-M:ac- t .1I1t1bodIC\ .H

the SJrne tune. Honeradlsh peraxlda5c-<oll]ugated gO:Jt :antl-rabblt md JlkJI1I1c phosphJtasc-con]lIgated !,:OJt .1IIt1-r.1t wert: chcn .Hidct! DAU (bfllll"l) .111.1

DeIP/NOT (bille) were mbstrates (or thc peroXldasc and thc phosphatasc. n:spcctlvdy Cdh \VIth \lllgie 5tallllll!" (or Mac-l (/11~f ,lttllll'l' ••md dOllbk 5tJII1­
mg (t/r," 'lfTlllVS) (or M:lc-I and INOS 3fe lI1dlcatc:d (X fiOO)

declduOl. At a mOlgmfic=mon of 600. a populatlon of INOS­
contOllOmg cells was seen around the embryoOlc cOlpsule
(Fig. 5 c). A negatlve control sectlon wlth no pnmary antl­
body showed no sigmficant stammg (Fig. 5 b). To deter­
mme the cellulOlr source of NO productlon by cells Olt the
implOlntation sites. sections were stOlined wlth rabbir anti­
mouse iNOS togecher with rat Olntl-Mac-l antibodies. Fig.

5 d clearly shows :l distInct population of double-stamed
cdls. Some cdls chat scallled only for MOlC-l \Vere .1150 seell
m the same area.

[lIhi/mlOH of ;YQ PrOdUClll)// Rcduccs EmIJryv LIsses. T (1

confirm the IOvolvement of NO ln eOlrly embryo loss. AC;
was med te mhiblt the production of NO ln VIVO. AG wa~

elther mJected or given orally m the dnnkmg water to

1148 Nltnc OXldc: ln Munne AbortlOn



Table 1. Production of .....·ùrart by Embryosfttnn CBA.l X DB.-ill.Wanllgs bttJvttn Days 8-12 cf ~talla"

•

CHAI} rruc~

teited
lmplmu.ncn

\lte pc:r mowe

6.~ =t.3

S.5 =2.0

6.3 = l.J

~umbcrof

emo:'vos th..lt
produced :utD!~

wlmcut Lps·

3

:-.lurnbc:r of
embryo\ :rut

produced IUtnte
'Arith LPS·

9

6

Percent of
embryos "",th

npl1Sant
mente producnon

"""lm LPS

:!9.0%

1ï.6%

20.0%

- !"l[ntc prodl.lc!:on abo....c:he upper 95% corcidence lmut lCCL 95%) C1ub!lshed for <b~ 12 nonresarinng embryos !>211A.NlJ10s .:e!b) wa! coo­
nde~d SIgm1Îcmt
~l:ce wcre Itilled or: day 8. iD. or i2 ai gaDnor.. Emb~/os wcre mmced U1 nJtrne- md :utnte-ttee medu.:l1"~ and:he cc1lmspe:".5lons wen: ch.!·
icr:gct! Wltn LPS ;n v:cro for 14 b. ReduCtIon ofn:[t2te al mmce ""'aS ~Chleved lUt."lg lUtTaec :ed11~ l.:: the presence ofN.WPH.

gravid CBAI J female micc starting at day 6 of gestation. In both cases,
aminoguanidine significantly reduced the resorption rate of CBA/J females mated
with OBA/2 males (table 3). This was determined by counting the number of dead
embryos at day 12 of gestation. To show that AG increased embryo survival and litter
size, aminoguanidine treated mice were allowed to go to term. Table 4 shows a sig­
nificant in average litter size of AG treated mice as compared to untreated contraIs.
These results suggested that the production of NO by cells at the implantation sites
was a major mediator of early embry·o death.

Discussion

ln this study, nitrogen made, a macrophage effector molecule, \vas shown to
he involved in the mechanism associated \\;th early embryo loss. Cells at the
implantation sites from CBAI J and CO 1 female mice \Vere tested for nitrite and
nitrate production by the Greiss reagent. At day 12 of gestation, resorbing embryos
from both strains showed more than a 5 fold increase in LPS induced NO production
compared to non-resorbing embryos. On the other hand, resorbing embryos were
also shown to produce significant basal amounts of NO in the absence of LPS. This
was not surprising, since at day 12 resorbing embry·os were already damaged and
effector cells were assumed to be primed and activated. To demonstrate the involve­
ment of NO in the mechanism of early embr:yo loss prior to pathologic changes in
the embryo, we tested the production of nitrite and nitrate by placental cells at
earlier days of gestation.

Table 2. Production 4 :....iitrau by Embryos .tTom CD 1 X CD 1 .\l..umgs ,elu-tm Da)'j 8-1~ of Gesrao,,"

COI mlce Impbnanon
tested 5:te per mousc

D~y8 ~ IU= 1.1

D~,! tO ~ 11.8:: 17

D~y 12 Il lO.i =3.3

:":u:nber oi
cmbryo5 dut

produced mcrate
.....,thout LPS·

o

2

Numberof
embryos th;H

produced mtntc
wnh Lps·

o

Percent of
emb~'~ with

5lgmfian: rutnte
production
Wlth LPS

0.0%

4.3%

-
Cell ttom ImplanoDon sucs olCOI m:cc wcre tr~ted ln the ~e nunne:- as those trom CBA':} fcnWl:S.u descnbcd In the lcgcnd for T.ble 1­
-NI[t2te produc:1on above the uppct' 95% cotUickncc 1i1lU: (UCL 95%) esabbshed for d.1~' 12 :Ionrcsorbmg embtvos i>2:! "","1 pe:- I~ cclls) W'35

consldcred slgrunc~n:.
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- Table 3. .iG-maUi'cd Rtdua:"11 "-.' Eui)' Embryo Lcss ut CB.; J f,m.zi( x DBA.'2 .\l~l( JLztlng>

:"JumoCT of rruc.:

Conc:-ol mlCe PBS In)c:cnon Il.p.)

:\G 10 dnnJang ""~rer

Imp!4nutlon V::able embT','o\ Re'I<Jrptlon
ures per mousc: permouse cce (%)

MO ::: O.ï 5.~ :: : ù :27 1 :: 7.3

~S ::: 2.~ ~(\ ::: ~.2 .,. :: 6.0·

93 ::: :.5 S5 ::: 1..5 11).1.' ::: 5.;t·

• F <l, 05 comr'lred ta ,ontrel. lJung Sc~':~ù ! C~t. :n:;atro :1l1ee \hcwc:d J \:~=t ':e=.: :n :DCrpt:cn ~c~. CS:'.:J pregn;ant ii'emale, wc::"e
;n:ceted .... 'ch .lO ~ oc' ~o,yI:C on ~v.., From 6 unnl d.v :.~. che :ru.:e werc: m:e;;:=-J t....le~ ~:l·.. wnh ., m~ AG C~n:rcl :mec: rc:cCl~'cti ,J1ine. A
'l:pu:IlC ÇCI:Jp cf '':\lec recc:I""c': .....r. ,"i' ml\.\J :n ':r:nk.ng \'JICT The m:rnbc:r oi :m?:'nuriol1 me, :ogcth~ ·...-;ch the numoc or resorb:r.g c:nt:,...os
"'en: i:o~-:td on :U\. 12 oi~c::cn.

Table 4. .iG-trtaUd CB.i!] X DB.·L'2 .\latrn.~s Sila~d

[nm,J!td ù:ur S,ze

• p < 1) u; o::,",mp:l~d ;u ;:cntrol w:ng S~.%ci::nr's t :eR AG :~l) mM:
was pro\"~dec ln dr.nlang ,,\nt:::'.•'\G-t:'e~ced rt:.lel: ~how::d Jo s:gru6cJ,.-lt
:r.crC:15C: Ir. ~...e!,;lgc urter s:zc: cot:\pucà co control :mC2:l ~ 5D; The
.:tt=r ......e:-e .illov.·cc. co come to :r:rtr.. killed bctwc:en 4 ~nd 28 :i lf.er

61:th. Uld ::x;muncd ror gr~~ n:orphologlc..I Jdects. t'a ob\"lO~S mor­
phologlc.l .1eteccs ......cre scer. m e:thct group.

10

Number
ofr.uc:e

Control mlec

..\G-tTeJ[cd :ruce

Our results showed that the percent­
age of implantation sites from day 8 or
day 10 pregnant CBA/J and CO 1 mice
that were capable ofproducing NO cor­
responded ta the natural incidence of
resorption observed in bath strains. Of
note, we often detected considerably
more nitrate than nitrite in these em­
bryos. Similar preferential production
of nitrate has been reported in mice
infected with malaria (25). This may
have been due to the high oxidative
capacity of the activated cells, that may
have rapidly oxidized nitrite to nitrate.

Furthermore, an increase in nitrite oxidation ta nitrate by decidual cells could be one
way of protecting embryos from the hannful effects of NO / NO 2" More interestingly, we
detected an increased production of NO in the absence of LPS at days 8 and 10. This
suggested that by day 8, the effector cells were already activated and the damage may
already have starLea.

The cellular source of NO production and hence the specific effector cells
have not been fully explored in pregnant mice. Nitric oxide can be constitutively
produced by many cells including vascular endothelial cells in placental tissues, and
this may argue against an inducible NOS as the source of the observed NO produc­
tion. However, our results showed that a more than 5 foid increase in NO production
by cells at implantation sites was induced by LPS implicating the activation of the
inducible NOS as a likely source of the NO produced. Furthermore, the placental
cells from the resorbing embryos produced significantly more NO when challenged by
LPS in vitro, further suggesting activated iNOS as the effector mechanism leading ta
embryo demise. Conversely, we were able to detect basal (constitutive) nitrite and
nitrate production by non-resorbing placentas at day 12, and trace amounts at day 10
of gestation. This constitutive NO production may have been due to the normal role
that NO plays in uterine muscle relaxation (26). On the other hand, neutrophils can
be induced to produce NO (27), however their involvement in early embryo loss is
unlikely since these cells were not notably present at days 8 and 10 of gestation (28).
Nevertheless, using immunohistochemistry, we \vere able ta detect a significant
increase in F4/80 positive cells, a selective marker for macrophages, in resorbing
compared to non-resorbing embryo (4). Furthermore, approximately 100

/0 of the dis­
persed decidual cells expressed the Mac-1 and F4/80 markers...
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.. To further investigate the nature of the nitric oxide synthase involved in early
embryo loss, we tested the presence of iNOS in frozen tissue sections of pregnant
uteri by immunohistochemistry. These studies confinned our observation of the in­
volvement of a macrophage associated inducible fonn of NOS in early embryo loss. [n
addition, uterine sections were also double stained for both iNOS and a macrophage
marker, Mac-l (CD Il b). As expected, iNOS positive cells also stained with Mac-l, in­
dicating decidual rnononuclear cens as a likely cellular source of NO production. Sorne
single stained Mac-l positive cells (iNOS negative) \Vere also detected in day 8 de­
cidua. Since few T-cells or neutrophils have been observed in day 8 implantation sites,
these cells may have been inactivated macrophages or natural killer cells (4). For
these reasons, it appeared that in this study, a macrophage associated iNOS was
involved in the production of nitric oxide at the implantation sites.

To demonstrate the involvement of NO production in early embry'o loss, the
NOS inhibitor aminoguanidine (AG), \Vas used ta inhibit NO production in vivo.
Aminoguanidine was shown to be a selective inhibitor for the iNOS wl-âch was mainly
present in activated macrophages, as opposed to the cNOS present in vascular endot­
helial cells and neurons (21-23). NO production was virtually completely abrogated
when placenta! cells were incubated with AG in vitro (data not shown). More striking
results were observed when mice were given AG in vivo. The resorption rate in CBAj
J females was reduced from 28% to 11 0

/0 when mice \Vere either injected \Vith AG or
given AG in drinking water. These results directly showed the involvement of NO in
the effector mechanisms of fetal rejection. When arninoguanidine treated rnice were
allowed to proceed to term, there was a significant increase in average litter size as
compared ta non-treated mice. The litters appeared morphologically normal when ex­
amined between birth and 4 weeks of age. These studies shawed that embryos which
survive to day 12 of gestation, usually survive to term without any significant addi­
tional losses since the number of viable embryosjmouse at day 12 and at delivery
were not statistically different. The mechanisms of early fetal rejection are regulated
by a complex network of cytokines. It is known that only primed and not resting mac­
rophages produce NO when challenged with either LPS or TNF-a (29). Interferon-y primed
macrophages in vivo as weIl as in vitro (30). Our data showed that placental mononulear
cens in potentially resorbing embryos were primed and could produce NO when chal­
lenged with LPS in vitro. The source of the priming molecule could be [FN-y, or TNF-a
which may be produced by infiltrating NK cells. In fact, injecting gravid mice with [FN­
.( or Poly I:C, an activator of IFN production, \Vas shown to increase the resorption rate
in CBA/J females when mated \vith OBA/2 males (2). Poly I:C could therefore have
indirectly iocreased decidual macrophage prirning by inducing IFN -Of andj or TNF-a
production by decidual NK cells, and hence an increase in NO production. Further­
more, the association of NK cens \Vith early embryo loss has been observed (5). Turnor
oecrosis factor-a, which is also produced by activated macrophages, was associated
with embryo resorption in CBAjJ X DBA/2 mice (6,10). We have previously reported
the production and the release of TNF-a within the pregnant uterus and that embryo
loss was reduced by the TNF-a inhibitor, pentoxifylline (6). Similarly, others showed
that inoculation of gravid mice with recombinent TNF-a induced early embryo 10ss
(la). The presence at the implantation sites of both IFN-y and TNF-a, which coopera­
tively promote nitric oxide production by macrophages, implies that a macrophage
inducible nitric oxide synthase is involved in early embryo loss.
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The results in this work demonstrate the involvement of NO in early embryo loss and
implicates the activation of primed decidual macrophages in effecting spontaneous
abortion.
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Preface ta chapter 3

We have previously shown that decidual activated macrophages

were responsible for the production of nitric oxide and embryo 10ss. Two

signaIs are needed for the production of nitric oxide by macrophages,

where IFN-·( has been shawn ta serve as the first signal. In this study,

we investigated the role of IFN-y in early embrya 10ss as a patential first

signal needed for decidual macrophage activation and subsequent

embryo death.

116



Interferon-y Primes Macrophages for
Nitric Oxide production and Fetal Abortion: In Vivo

Role of IFN-y in Early Embryo Loss1

Elias K. Haddad
Alain J. Duclos

Emilia Antecka
Wayne S. Lapp

Malcolm G. Baines

From the Department of Microbiology and Immunology,
and Physiology, McGill University, Montréal, Québec.

Running tittle: IFN-y in murine abortion.

Keywords: spontaneous abortion, cytokines, nitric oxide synthase, IL-12,
TNF-a

Mailing address:
Malcolm G. Baines, Ph.D.
Department of Microbiology and Immunology
McGill University
3775 University St
Montréal, Québec, Canada, H3A 284
Tel: (514) 398-3928
Fax: (514) 398-7052
E-mail: mgbaines@:microimm.mcgill.ca

117



.. Abstract

We have previously shown that both pnmlng and triggering

signaIs were needed for nitric oxide production by activated decidual

macrophages and that nitric oxide production was associated with

embryo death. In this study, we investigated the role of IFN-y as the

primary signal for macrophage activation ln early embryo loss.

Interferon-y-deficient (GKO) and heterozygous Fl control rnice were

injected with lipopolysaccharide (LPS) at day 7 of gestation. The results

showed that 12% of the embryos from the IFN-r deficient and 47% of the

embryos from the control mice resorbed when mice were examined at

day 12 of gestation. This suggested that IFN-y was needed for LPS

induced embryo resorption and that decidual macrophages from

pregnant GKO mice were not primed and could not he activated when

given LPS. Further, the results sho\\'ed that IFN-y mRNA was

simuitaneously expressed in the same embryos that aise expressed

mRNA markers for macrophage priming (TNF-a and iNOS) indicating

that macrophage activation and subsequent nitric oxide production

could be consequence of IFN-y production. Sirnilarly, \ve investigated the

role of IL-l2 as a switch cytokine capable of eliciting TH 1 associated

cytokine production including IFN-y. The results showed that IL-l2

mRNA expression was observed in embryos that simultaneously showed

IFN-y, TNF-u, and iNOS expression, indicating that induction of TH 1

118



-

cytokine production and macrophage activation could have been the

result of IL-12 expression. In this in vivo study, we showed for the first

time that decidual IFN-y expression 1S detrimental to embryo survival.

The results also suggested that IFN-y could provide the pnmlng signal

for decidual macrophages that lead to macrophage activation and

consequent embryo death.
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Introduction

In mammalian pregnancles, fetal survival may be inf1uenced by

the maternaI immune system. In human, early embryo loss is defined as

lasses that occur before the third week of gestation and, therefore such

losses are often unnotieed clinically. To study the early cellular and

molecular events that lead to early embryo loss, many researchers have

used thè CBA/J females mated with DBA/2 males mouse mating model

that spontaneously resorb 20°fc>-30°fc> of the embryos in each pregnancy

(1,8,12). The resorption rate can be further increased 2-3 fold if the

pregnant mice are treated with double stranded RNAs that induce

interferon production and enhance naturai killer (NK) cell activity (2,31).

The mechanism of enhancement of early embryo loss by poly innosinic:

cytidylic acid (poly I:C) is not fully understood, but shows a similar time

course and cytopathology to that observed for spontaneous embryo loss

in untreated CBA/J females mated with DBA/2 males (3,10). Using this

model, we showed that early embryo loss \vas associated with the

activation of non-specifie innate mechanisms of maternaI resistance (4).

We have previously shown that natural killer (NK) cells and

macrophages were harmful to pregnancy. We reported that the number

of activated macrophages were significantly increased in resorbing

compared to healthy embryos (3,10). Similarly, we showed that NK cells
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heavily infiltrated resorbing embryos pnor to embryo 10ss (9). In

addition, deleting NK cells by anti-NK cell antibody enhanced embryo

survival during pregnancy (31). Recently, we have shown that nitric

oxide (NO), produced by macrophage associated inducible nitric oxide

synthase (iNOS), could directly mediate damage to a growing embryo

(23). We further showed that decidual macrophages at the implantation

sites were activated, as indicated by the expression of iNOS before

embryo damage was apparent (23). More importantly, it has been shown

that both a priming and a triggering signal were needed to induce NO

production by activated macrophages (25). Many in vivo and in vitro

experiments strongly suggested that IFN-l was the principle priming

signal for macrophages and that either LPS or TNF-a could be serve as

the triggering signal (14,25).

Interferon-y is a pleiotropic cytokine produced mainly by Th 1 ceUs,

and NK ceUs (17,19,21). Interferon-l is the principle macrophage

activating cytokine though other cytokines may aiso activate

macrophages less efficiently (6). It has been observed that maternaI

cytokines play a critical role in detennining the survivai or death of a

growing embryo (13). There is increasing evidence that Th1 cytokines

such as IFN-y and TNF-a are deleterious to pregnancy and Th2 cytokines

including IL-4 and IL-ID are beneficial (27). As a protective measure, the

maternaI systemic immune response is generaliy influenced towards the
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production of Th2 cytokines, such as IL-ID, IL-3 and IL-5 (22). As a

consequence, Th1 cytokine production including IFN-y and TNF-a is

significantly decreased (28). It is not yet clear \vhat factor(s) mediate the

switch to TH 1 or TH2 cytokines. Sorne researchers have suggested that

the nature of the antigen presented by the macrophages plays a

fundamental role in determining the kind of cytokines to be produced by

the T-cells (7, 15). Evidence had also suggested that soluble factors such

as IL-4 or IL-12 in the primary culture induced TH2 or TH 1 cytokines

production respectively (16).

Moreover, previous studies had shown that the inoculation of

pregnant females \vith recombinant IFN-y and/or TNF-a enhanced

embryo resorption (29), whereas anti-TNF-a antibody and Pentoxifylline,

known to inhibit TNF-u production and bioactivity, increased embryo

survival (30). It should be noted that LPS, which could serve as the

triggering signal for macrophage activation, also significantly augmented

embryo resorption in most rnouse strains \vhen given intravenously to

pregnant females (11,30).

In this report we demonstrated, for the first time, the in vivo role of

IFN-y in early embryo loss. The rationale behind these studies was to

show that when depleting the primary signal (IFN-y knockout mice or

anti-IFN-y antibodies), mice were resistant to LPS induced early embryo
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loss. We also showed that the production of IFN-y was associated with

the presence of IL-12.

Materials and Methods

Animais and matings

Mice homozygous for the mutation ln the IFN-[ genes (gko) were

obtained from Genentech, Ine. (San Francisco, CA). The gko mice was

expressed in Balb / c mice which were used as a breeding stock to

generate both homoZY'gous gko/ gko and heterozygous (gko/ -) wild type

females. Tai! DNA isolated from these mice were screened by PCR ta

detect IFN-, genes using primers supplied by Genentech to confirm the

identity of gko/gko and (gko/-) heterozygous mice. CBA/J females were

purchased from The Jackson Laboratory (Bar Harbor, Maine) at an age

of 8 \veeks. DBA/2 males were acquired from Charles River (St.

Constant, Quebec). The animaIs were allowed ta adjust ta the hausing

conditions for 6-8 weeks, and then mated. The housing and handling of

the experimentai animaIs was in accordance with the guidelines of the

Canadian Council for Animal Care.

CBA/J, gko/gko, and (gka/-) females were mated with DBA/2

males and checked daily for the presence of a copulatary plug. The day
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of appearance of a mating plug was arbitrarily designated as day O. Ta

determine the extent of priming of decidual macrophages, pregnant

gko / gko and (gko / -) females received 1a ~g of LPS intravenously at clay

7 of gestation. In experiments to detennine the requirement for IFN-y,

pregnant CBA/J females mated with OBA/2 males received

intraperitoneal injection of either 100 J-ll of XMG 1.2 (kindly provided by

Dr. Trevor Owens) or isotype-matched control (Sigma) at day 6 of

gestation. AlI mice were killed at day 12 of gestation and the resorbing

and non-resorbing embryos were enumerated. Percentage of embryo 1055

was calculated from the fonnula: 100 X Resorbing embryos/ (Viable

plus Resorbing embryos).

A separate group of gko/gko and (gko/ -) pregnant females

received intravenous (i.v.) injections of 100 J-lg of Poly I:C on day 7 to

augment embryo losses (Sigma, St. Louis, MO). Treatment with poly I:C

has been previously shown to increase the incidence of fetal resorption

2-3 foid (31).

To test for pnmlng, gko / gko and (gko / -) mice received an

intraperitoneal injection of 50 cysts containing the Iarval stage of

Echinococcus multioculans. Seven days Iater, peritoneal cells were

collected and cultured in vitro with or without 5 Jlg/mi LPS and

incubated for 18 hours at 37 oC in 50/0 C02 incubator and then assayed

for NO production.
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Nitric Oxide Assay

Nitric oxide produced by activated macrophages accumulates as

nitrite (N02-) and nitrate (N03-) in the culture supernatant. Nitrite in the

culture supernatants \vere assayed \vith the Greiss reagent (5). Briefly,

equal amounts (50 ~L1) of the supematant and Greiss reagent

(Sulphonamide, 1% in 2.50/0 H3P04, and (l-NaphthyL)Ethylenediamine,

0.1 % in \vater) \vere allowed to react in flat-bottomed 96 \vell culture

plates, with gentle mixing, for 10 minutes at room temperature. The

colored product \vas quantified \vith a Titertek Multiskan reader at 540

nm using 670 nm as a reference wavelength ta compensate for non-

specifie absorbance. The concentration of nitrite in the samples \vere

determined as ~lM of NO / ml using a standard curve for nitrite \vhich

\vas included in each assay.

Primers and Probes

The primers and probes for IL-12, IFN-ï, iNOS, TNF-a, and

glucose 6 phosphate dehydrogenase (G6PDH) \vere synthesized at the

Sheldon Biotechnology Center (Montreal, Quebec) from previously

published sequences. The nucLeotide sequence of the primers and the

probes used in these experiments are shown in Table L
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Total RNA isolation

Untreated and Poly I:C treated pregnant CBA/J females were

sacrificed at day 8 of gestation, and individual embryos together with

implantation sites were detached from the uterine wall and snap frozen

ln liquid nitrogen for subsequent RNA extraction. The whole

implantation site was used as the source of total RNA for these studies

due ta difficulties in separating the embryo from the deciduum.

Isolation of total RNA was done according to the method developed

by Chomczynski and Sacchi (20). Briefly, individual implantation sites

were hornogenized in 1ml of Trizol reagent (GIBCO, Burlington, Ontario)

using a Polytron pov.rer homogenizer (Tekmar, Ohio, USA). T\vo hundred

~tl of chloroforrn \vas added and the samples were shaken vigorously for

15 seconds and then centrifuged for 15 minutes at 12,OOOg at 4 oC .

Following centrifugation, the mixture had separated into a phenol­

chloroforrn phase, an interface, and an aqueous phase containing the

RNA. RNA is then precipitated from the aqueous fraction by mixing with

isopropyl alcohol (500 J.ll) and centrifugation for la minutes at 4 oC. The

RNA pellets were resuspended and washed once \vith 75% ethanol (1 ml)

and pelleted by spinning the mixtures for 5 minutes at 4 oC. At the end

of this procedure, the RNA pellets were air dried and then dissolved in

RN-ase free water. The concentration of RNA in the final solution was
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calculated from spectrphotometric readings at 260 nm wavelength. The

RNA solution was diluted to a final concentration of 11lg/ J-ll and stored at

-80 oC.

Reverse transcriptase -Polymerase Chain Reaction (RT-PCR) analysis of IL­

12, IFN-7, iNOS, TNF-a and G6PDH mRNAs

One J-lg of total RNA was diluted in 10 ~tl of RN-ase free water and

incubated at 65 oC for 5 minutes, and then added ta the reverse

transcription reaction mixture containing 1 Jll of 0.1 M OTT, 4 III of 5X

single strand buffer (GIBCO, Burlington, Ontario), 2 ~Ll of 10 mM dNTP

mix, 1 ~Ll containing 40 units of RNase inhibitor (Pharmacia), 1 III of 100

nM of random hexonucleotide primers and 1 ~Ll of RT solution containing

200 units of M-MLV RT (GIBCO, Burlington, Ontario). Following 1 hour

incubation at 37 oC, the cONA product was diluted 1:8 1 heated to 95 oC

for 10 minutes and stored at -20 oC. Amplification by PCR was done by

adding 10 J-ll of the cDNA synthesized in the reaction described above ta

5 J.ll of 10X Taq Buffer (10mM Tris-HC1, 1.5 mM MgCb. and 50 mM KC1)

(Boehringer Mannheim, Germany) 1 and 1 Jll of 10 pM of bath sense and

anti-sense primers specifie for the cDNA to be amplified. The mixture

was heated for 5 minutes at 95 oC before the addition of 2.5 units of Taq

polymerase in 0.5 III (Boehringer Mannheim, Germany). PCR
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amplification proceeded according to the following amplification

program: denaturation at 94 oC for 30 seconds; annealing at 58 oC for 1

minute and 30 seconds; and extension at 72 oC for 40 seconds for 30

cycles followed by a final extension step at 72 oC for 10 minutes. The

PCR products were then stored at -20 oC. Fifteen J.!l of the amplified

products were separated by agarose electrophoresis on 1% agarose in

TBE buffer (0.089M Tris, 0.089M TBE Borie acid, 2XIO-4 EDTA)

containing ethidium bromide. The gel was washed in 0.25 N Hel for 5

minutes, 20 minutes in denaturing solution (4 g NaOH and 18 g NaCl in

200 ml of H20), and 20 minutes in neutralizing solution (36g NaCl and

200 ml of lM Tris-HCl in 400 ml of H20) before being transferred under

pressure anto a nylon membrane (Amersham). The DNA was cross­

linked ta the membranes by baking in a vacuum oven for 2 hours and

stored at room temperature prior to hybridizatian.

Probe labeling and Southem blotting

The oliganucleotide probe (1 III of 100 pmoles) was added to a

mixture containing 1 /-lI of T4 polynucleotide Kinase (Pharmacia), 1 /-lI of

10X Kinase buffer (Pharrnacia), and 5 /-lI of r-32P-ATP (Dupont). The

mixture was incubated for 1-2 haurs at 37 oC, followed by 10-20

minutes incubation at 65 oC to inactivate the T4 Kinase. Eighty J.!l of TE
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buffer \vas added and the mixture \~laS loaded ante a 5 ml Spin-column

prepared from glass \vool and Sephadex G50 in TE huffer to remove

unbound y_32P-ATP. The column was centrifuged for 2 minutes and the

eluate containing the 32p labeled probe was quantified in a ~ counter.

The membranes were first washed for 2-5 hours at 42 oC with 10 ml of a

prehybridization solution containing 2.5 ml of 20X SSC (3 M NaCIJ 0.3

M Na Citrate), 2 ml of 50 % Oenhardt solution (1 % of Ficoll J PVP, and

BSA)J 0.5 ml of 1 M NaP04-, 3.5 ml of 20à/o SOS, and 100 J.lI of 100

~lgjml Salmon sperm ONA (SSONA) (Pharmacia). The membranes were

then incubated overnight at 42 oC with the hybridization solution which

contained 5 X 106 cpm of labeled probe diluted in the prehybridization

buffer. The membranes were \vashed with 20% SSC and SOS and then

the bands were visua1ized and quantified by phosphorimaging using a

Molecular Dynamics PhosPhorimager with ImageQuaNT 4.1 software.

Results

Characterization and identification ofGKO mice

The identity of homozygous GKO (gko j gko) and heterozygous

(gkoj -) mice was confirmed by screening tail biopsy ONA by PCR using

specifie primers supplied by Genentech. It is known that IFN-y primes
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macrophages to produce NO. In order to demonstrate that IFN-y genes

were functionally defective in GKO mice, homozygous and heterozygous

mice were injected with alveolar hydatid cysts. This treatment normally

induces IFN-y production and subsequent macrophage priming (34).

Peritoneal cells from acutely infected mice were collected 7 days later

and challenged with 5 'tlg/ ml LPS for 18 hours in a 50/0 C02 incubator at

37 oC. The results displayed in fig. 1 show that peritoneal macrophages

from the heterozygous control mice were primed and produced large

amounts of nitrite when incubated with LPS as a secondary triggering

signal. On the other hand, cells taken from gko / gko mice, that lack IFN­

-( which serves as the primary signal, produced undetectable levels of

nitric oxide after culture \vith LPS. This confirmed that GKO mice have

functionally defective IFN-y genes and their macrophages cauld not he

induced to produce NO. We further observed that peritoneal cells from

chronically infected (>3 post infection) homozygous gko / gko mice were

able to praduce significant levels of nitrite following incubation \vith LPS

in vitro (data not shown). This indicated that in chronic infections,

priming of macrophages could be induced by mediators other than IFN­

y. However, this has little relevance ta the acute priming of decidual

macrophages that accompanies implantation.
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GKO mice are resistant to LPS induced embryo resorption

LPS is a powerful abortifacient factor which is known to induce

abortion in a variety of mouse strains and other species (4, Il,30,32). In

this study, pregnant gkojgko and (gkoj -) females were injected

intravenously with 10 Jlg of LPS at day 7 of gestation as a source of

exogenous triggering signal for macrophage activation. The mice were

sacrificed at day 12 and the incidence of embrya 10ss \vas determined.

The results presented in Table n indicated that gko j gko mice treated

with LPS showed a low incidence loss of 12%
• Interestingly,

heterozygaus females were sensitive ta LPS and showed the expected

incidence of embryo 10ss. These results suggested that in the absence of

IFN-y, a macrophage priffiing signal, GKO mice were resistant ta LPS

induced resorptian indicating that the expression of IFN-y was an

essential early step in LPS induced embrya 10ss. Further, this data

showed that LPS itself was nat directly toxic to the growing embryos.

This was further confirmed in LPS-non responsive C3Hj HeJ mice which

also showed resistance to LPS induce embryo 10ss without obvious signs

of embryo pathology (data not shown).
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Anti-IFN-yantibodies reduced spontaneous early embryo loss

Ta further confirm the primary role of IFN-y in early embryo 10ss,

CSAI J females mated with OSA/2 males \vere injected intravenously

with anti-IFN-y antibodies or an isotype control antibody at day 6 of

gestation. Table III shows that the incidence of embryo 10ss for mice

injected with anti-IFN-y was significantly reduced from 670/0 (P<O.OO 1).

These results confirrned the defect in priming in gko1gko mice and

suggested that depletion of IFN-i' as early as day 6 augmented embryo

survival.

Poly I:C Induced Embryo Loss is dependent on the Presence of IFN-y.

Treatment of gravid mice with Poly I:C has also been shown to

significantly increase embry-a loss in most mouse strains (2,31).

However, the mechanisms by which Poly I:C induced embryo loss are

not fully understood, but many involve activated NK cells \vhich are

capable of IFN-y production. In this study, we investigated whether Poly

I:C induce embryo loss was conditional on the presence of IFN-y. The

results showed that gkoj gko mice were significantly more resistant to

Poly I:C treatments than heterozygous control mice (table IV). This
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indicated that the mechanisms of Poly I:C induced embryo loss

depended on the presence of IFN-[. The results further showed a

significant increase in the incidence of embryo loss in homozygous

gkojgko mice when compared to homozygous rnice that were not treated

with Poly I:C. This suggested that the mechanisms of Poly I:C induced

macrophage priming and embryo abortion might, in part, be mediated

by factors other than IFN-y as previously suggested by the data obtained

from mice chronically infected by the parasite.

IFN-y mRNA expression is associated with markers ofembryo resorption

We have previously shown that at day 8 of gestation, decidual

macrophages were activated as indicated by the expression of the

inducible nitric oxide synthase (iNOS). In this study we investigated

whether macrophage activation and nitric oxide production were the

results of IFN-y production. Ta investigate this hypothesis, we

determined the expression of IFN-y mRNA in the same embryos that

simultaneously showed TNF-a and iNOS mRNAs expression. Total RNA

was isolated from individual implantation sites of the CBAjJ X OSAj 2

pregnancies and specific mRNAs were amplified by RT-PCR using
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primers specific for IFN-y, TNF-a, iNOS and an internaI control, glucose

6 phosphate dehydrogenase (G6PDH). After Southem blotting, 32p

labeled bands were detected by phosphorimaging. The results presented

in figure 2 showed that implantation sites expressing iNOS mRNA, a

marker of macrophage activation, also showed expression of IFN-y

mRNA. This suggested that IFN-ï expression \vas casually associated

with decidual macrophage activation and NO production. Occasionally,

we abserved that sorne implantation sites showed mRNA expression of

one of the cytokines but not of the others.

CollectiveIy, these results showed that IFN-ï expression was

needed as a primary signal to induce decidual macrophage priming. The

results further showed that a secondary signal, was aiso essentiai for

effecting early embryo loss. In this study, we also investigated the role of

TNF-a. as a potential secondary signal for the triggering of primed

decidual macrophages in utero. The results in figure 2 showed that, in

most cases, embryos that expressed iNOS and IFN-y mRNAs also

showed TNF-a. expression. We can not exclude the possibility that TNF-a

could mediate direct cytotoxic effect ta target embryos.

The presence of IFN-y is associated with IL-12 mRNA expression
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It has been reported that the presence of IL-12 (16) enhanced the

induction of IFN-y production~ and diminished the inhibitary effect of

TH2 cytokines on IFN-y induction. In this study, \ve investigated whether

the expression of IFN-y mRNA in potentially resorbing embryos was

associated with the local production of IL-12. We performed RT-PCR on

individual embryos using primers specific for IL-12, IFN-y, TNF-a, and

iNOS. The results presented in fig (3) showed that the expression of IL­

12 was assaciated, in most cases, with TH 1 cytokine expression.

We do nat believe that IL-12 was solely responsible for the

expression of IFN-y mRNA and consequent macrophage activation

because sorne implantation sites that showed IFN-y mRNA expression

but lacked IL-12 expression (fig 3). Furthermore, data obtained from

studying a greater number of mice showed that the majority of

implantation sites simultaneously expressed IFN-y and IL-12 mRNA with

macrophage activation markers respectively (data not shown).

Discussion:

Early embryo loss is considered one of the most common

complications of mammalian pregnancies. It may be defined as losses

that occur before the third week of human gestation and often takes

place without being clinically observed. In murine reproduction, CBA/J
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female mated with DBA/2 male provides a model for early embryo 1055

\vhich has been studied extensively to discover early cellular and

molecular events associated with early embryo loss (8).

In earlier reports, we showed that NK cells and activated

macrophages were involved in embryo resorption. Mice that were treated

with agents that augmented NK cells activity, such as Poly I:C or IL-2,

resorbed at a much higher rate than untreated mice (2,9). On the other

hand, treatments that abrogated NK activity were advantageaus for

embryo survival (31). More recently, we have shawn that treatments that

reduced the number of macrophages increased embryo survival (10).

Ho\vever, it is not known which of these cells mediate direct damage to

the embryo in vivo. It would appear unlikely that NK cells, through

secretion of cytotoxic molecules, \vere directly responsible for embryo

10ss, since NK cells isolated from early implantation sites showed

minimal cytotoxicity in vitro (Baines, unpublished data). Further, there

was no difference in perforin expression in decidual NK cells from

resorbing compared ta non-resorbing embryos (26,33) and (Haddad,

unpublished data). On the other hand, recent experiments showed that

activated decidual macrophages were capable of directly mediating

embryo damage through the production of nitric oxide (23). Inhibition of

NO ·production alone significantly enhanced embryo survival (23).

Therefore, NK cens may be only indirectly involved in facilitating early
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embryo 10ss through the production of cytokines such as IFN-1 and TNF­

a (18,24).

IFN-y is considered to be the major factor responsible for

macrophage activation. In this study, v.re investigated the raIe of IFN-y in

early embryo 10ss. The data showed that the incidence of both LPS and

Poly I:C induced embryo 10ss in IFN--{-deficient mice was significantly

lower than that for control mice. In addition, normal CBA mice given

anti-IFN-y antibady also showed a reduced incidence of embryo

resorption. These results suggested that IFN-y was required in the early

events that lead ta embryo resorption. The results also suggested that

LPS was not embryo-toxic to the grawing embryos since gko1gko and

LPS non-responsive mlce (data not shawn) showed normal rate of

ernbryo survival.

We have recently reported that bath primary and triggering signaIs

were needed for nitric oxide production by activated decidual

macrophages in vitro (23). Therefore, we hypothesized that uterine [FN-y

produced by decidual NK cells primes resting decidual macrophages. A

second signal such as TNF-a produced by NK cells or primed

macrophages could then trigger macrophage activation for nitric oxide

production and cause subsequent embryo resorption. Hence, in the

absence of an effective priming signal (IFN-y deficient mice, and anti­

IFN-y antibody treated mice) , there is no nitric oxide production and
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embryo resorption is abrogated. We can not exclude the possibility that

TNF-a produced by either NK cells or macrophages would mediate

cytotoxicity to the embryonic cells, however in aIl cases, the mere

presence of TNF-a would indicate its availability to primed decidual

macrophages ta trigger NO production.

We have previously shown that nitric oxide, produced by

activated decidual macrophages, mediated embryo resorption (23). In

this study, we investigated \\rhether macrophage activation, nitric oxide

production, and embryo loss were associated with increased IFN-y

mRNA expression. Our results showed that iNOS and TNF-a mRNAs

were simultaneously expressed in the same embryos that showed IFN-y

mRNA expression. This is in agreement with our proposed hypothesis

that IFN-y activates macrophages as indicated by the upregulation of

the two macrophage activation markers, TNF-a and iNOS, \vhich are

directly associated with embryo loss.

This interpretation was supported by the observation that IFN-[

deficient mice were significantly more resistant to both LPS and Poly I:C

induced abortion than wild type rnice. This suggested that the

mechanism of Poly I:C induced embryo abortion may be, in great part,

due to the increased production of IFN-y by Poly I:C activated NK ceIls.

The IFN-y might then prime decidual macrophages for nitric oxide

production and embryo death.
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While a viral infection may induce embryo 10ss as a consequence

of interferon induction, spontaneous embryo loss in normal CBA/J mice

suggests an endogenous factor. Therefore, we investigated the possible

involvement of the NK cell activating cytokine, IL-12, in early embryo

loss. It is known that IL-12 plays a fundamental role in regulating

immune responses, by favoring Th 1 cytokine production. In this study,

\ve investigated whether the expression of IFN-y rnRNA in potentially

resorbing embryos was associated with IL-12 mRNA expression. Single

embrya studies using RT-PCR showed that IL-12 expression was

detected in the same embryos that aiso showed TNF-a, IFN-y, and iNOS

rnRNAs expression. This suggested that IL-12 could be involved in IFN-y

expression and subsequent nitric oxide production and embryo death.

The results further showed that sorne implantation sites lacked

correlation in the expression of IL-12 and IFN-y rnRNA. This might be

due ta the involvement of factors other than IL-12 ln mediating the

expression of IFN-y rnRNA.

In summary, the results showed that decidual macrophage

activation and embryo abortion in mice \vas dependent upon the

presence of bath primary and triggering signaIs ln decidual cells.

Further, the results presented ln this paper clearly demonstrated that

IFN-y production was crucial for macrophage activation and LPS and

Poly I:C induced embryo 10ss. The simultaneous expression of IL-12 and
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IFN -y mRNAs in resorbing embryos suggested that the increased

expression of IFN-y might have been due ta increased IL-12 expression.
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Figure Legends:

Figure 1: Production of nitric oxide by peritoneal macrophages of IFN-y

knockout mice (GKO) and heterozygous control mice. Six gkojgko and

six control mice were injected with 50 alveolar hydatid eyst larvae. Seven

days later, peritoneal macrophages were collected and ehallenged for 18

hours with 5 J.lgj ml of LPS in vitro. Cell supernatants were assayed for

the presence of nitric oxide using the Greiss reaction. Black bars

represent cells treated with LPS, whereas white bars indicate cells

treated with control medium.

Figure 2: Representative pregnancy showing the Expression of IFN-"

TNF-Cl, and iNOS mRNA in individual embryos of CBA/J females mated

with DSA/2 males. Total RNA was isolated from individual implantation

sites of 5 Poly I:C treated (60 J-lg) CBAI J females. Total RNA was reverse

transcribed and PCR amplified using primers specifie for IFN-" TNF-a,

and iNOS. The samples were separated by 1% agarose gel

electrophoresis and transferred to nylon membranes, which were

hybridized with 32p labeled specifie probes. The membranes were

visualized and quantitated using PhosPhorimager densitometry relative

to the G6PDH housekeeping gene. Solid bars indicate IFN-y expression,
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open bars indicate TNF-CI. expression and the hatched bars indicate

iNOS expression.

Figure 3. Representative data showing the correlation of IL-12 mRNA

expression with markers of macrophage activation and embryo

resorption. Six normal CBA/J females mated with DBA/2 males were

killed at day 8 of gestation. Expression of IL-12, IFN -or, TNF-a , and iNOS

mRNAs were analyzed as discussed in figure 2. Crossed bars indicate

(IL-12 expression), solid bars indicate (IFN-y expression), open bars

indicate (TNF-CI. expression), and horizontal bars indicate (iNOS

expression) .
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Fig. 1 Production of Nitric Oxide by Peritoneal
Macrophages from Control and GKO Mice
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Fig. 2 Expression of IFN-y,TNF-a, and iNOS mRNAs
in Individual Implantation Sites of Pregnant CBA/J

Females Mated by DBA/2 Males
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Fig. 3 Association of IL-12 mRNA Expression with
Markers of Macrophage Activation
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Table 1. Primer and Probe for IFN-y, IL-12, TNF-u, iNOS, and G6PDH Sequences

.. .

Specificities Oligonucleotide Sequences Expected PCR Product
(bp)

iNOS Sense GAGCCTCGTGGCTTTGGGCTCCTC 486

Antisense GCGACGACGGTCTTTGAAGCCTTC
Probe ACGTTCAGCACATCCTGCAAAAGCAGCTGC

TNF-u Sense CCAGACCCTCACACTCAGAT 498

Antisense AACACCCATTCCCTTCACAG
Probe CCAAGTGGAGGAGCAGCTGGAG

TNF-y Sense GCTGTTTCTGGCTGTTACTG 426
Antisense AATCAGCAGCGACTCCTTTTCC

Probe GACGAACTGGCAAAAGGATGG

IL-12 (p40) Sense CGTGCTCATGGCTGGTGCAAAG 313
Antisense CTTCATCTGCAAGTTCTTGGGC

Probe TCTGTCTGCAGAGAAGGTCACA

G6PDH Sense CTAAACTCAGAAAACATCATGGC 111

Antisense GGAAGGTGGTTCGACTATGTG
Probe GAGCAGGTGGCCCTGAGCCG
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Table Il. GKO mice are resistant to LPS induced embryo 105s

.' ~

Experimental Number of
groups Mice tested

Implantation
sites/mouse

Number of Resorbing
Embryos

Percent of
Embryo loss

gko/gko mice

gkol- mica

7

6

11.0±2.0

9.3 ± 1.4

9

26

11.7%

46.5%

Pregnant gko/gko and heterozygous control mice (gkol-) were injected with 10 ~lg of LPS intravenously

at day 7 of gestation. At day 12 of gestation. the mice were sacrificed and the number of

resorbing and non-resorbing embryos were counted. The incidence of embryo loss was calculated

using the formula presented in the materials and methods.
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Table III. Passive Anti-IFN-y antibodies reduce spontaneous
embryo resorption in CBAlJ X DBAl2 pregnancies

• •

Experimental
groups

XMG1.2
treated CBAIJ

Control antibody
treated CBAIJ

Number of
Mice tested

4

5

Implantation
sites/mouse

9.2± 0.8

8.8 ± 1.0

Number of Resorbing
Embryos

4

9

Percent of
Embryo 1055

8.4%~

25.6%,

"Ir P < 0.001 compared to control using student t-test.

Pregnant CBAlJ females mated with DBAl2 males received an intraperitonel injection

of 100 ~d of XMG1.2, anti-IFN-y antibodies at day 6 of gestation. A control group

of mice were injected with the same amount of an isotype matched control antibody.

Mice were killed at day 12 of gestation and the incidence of embryo 1055 was calculated.
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Table IV. Poly I:C Induced Early Embryo Loss is
Dependent on the Presence of IFN-y

....

Experimental
groups

Number of
Mice tested

Implantation
sites/mouse

Number of
resorbing embryos

Percent of
resorbing embryos

Untreated 8 11.2 ± 1.4 2 2.3%
gko/gko

Poly I:C treated 9 10.2 ± 0.9 15 17.6%
gko/gko mice

Poly 1: C treated 8 10.6± 1.1 71 77.2%
(gkol-) Mice

Pregnant mice were intravenously injected with 1OO~lg of Poly ):C at day

7 of gestation. The mice were killed at day 12 of gestation, and the

incidence of early embryo 1055 was calculated.
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- Preface ta chapter 4

In this study, we investigated the role of TNF-u as a second signal

needed for macrophage activation and embryo resorption. Therefore, we

studied the expression of TNF-a mRNA in individual embryos of the

spontaneous and poly I:C induced models of early embryo 10ss.
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Abstract:

In early embryo 1055, the activation of maternal immune effector

mechanisms play a critical role in determining the success or failure of

a pregnancy. We have previously shown that increased nitric oxide (NO)

production by decidual macrophages is involved in early embry'o 1055

occurring at day 12 of gestation. In this study, using RT-PCR and

southern blotting, the expression of iNOS and TNF-fl mRNA was

determined to quantify macrophage activation in individual murine

embryos in a model of spontaneous early embryo loss. At day 8 of

gestation, 320/0 and 29% of embryos with no apparent pathology sho\ved

an increase in iNOS and TNF-a mRNA expression respectively. This

corresponds to the natural resorption rate seen in the mouse mode!. In

addition, the percentage of embryos \\"ith increased iNOS and TNF-a

mRNA expression \vas further augmented \vhen pregnant mice were

induced to abort at a higher rate. These results sho\ved, for the first

time, a correlation between increased iNOS and TNF-a expression and

embryo resorption. The results provide evidence for the presence of

activated macrophages at implantation sites before overt embryo

damage occurs.
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Introduction:

In humans, early embryo loss may be defined as losses that occur

before the third week of gestation. Hence, in humans, most pregnancies

terrninate before the onset of the second menstrual cycle and occur

unnoticed. To charaeterize the cellular events assoeiated with early

embryo loss, we have studied a murine model in whieh 20%-30% of the

embryos spontaneously resorb by day 12 of gestation (1). The resorption

rate can be further increased 2-3 raId if pregnant mice are treated with

a double stranded RNAs that induee interferon production and enhance

natural killer (NK) cell activity (2,3). The mechanism of enhancement of

early embryo loss by poly innosinic: cytidylic acid (poly I:C) showed a

similar time course and cytopathology to that observed for spontaneous

embry·o 10ss in untreated CBA/J females mated \vith OBA/2 males

(4,5). Using this model, several labaratories sho\ved that early embryo

10ss \vas associated with the activation of non-specifie immune

meehanisms (6). Anti-Asialo-GM l, a rabbit anti-NK cell antiserum,

significantly reduced the incidence of embrya resorption (2). Moreover,

immunohistochemieal analysis performed on individual implantation

sites, showed that NK cells heavily infiltrated sorne, but not aIl embryos

at day 8 of gestation (7). Likewise, macrophages which eonstitute

another population of non-specifie effector cells were also shawn to be
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significantly elevated in resorbing compared to non-resorbing embryos

(4). Most of these macrophages were found at the decidual tissues of

implantation sites and were not found in the embryo itself (4). Taken

together, these results suggest a role for both NK cells and macrophages

in early embryo loss (5).

Recentlv, we showed that nitric oxide (NO), a cytotoxic molecule

produced by activated macrophages, is directly responsible for early

embryo 10ss (8). Nitric oxide is a short-lived pleiotropic mediator which

is synthesized from L-arginine by constitutive or inducible nitric oxide

synthases (NOS) (9-11). Of the three isotypes of the NOS enzyme which

have been identified to date, the inducible NOS (iNOS) is present almost

exclusively in activated macrophages and neutrophils (12). The iNOS is

inducible by IFN-y, TNF-a, Interleukin-l (IL-l), and LPS (13,14). Nitric

Oxide synthases can be inhibited by many L-arginine analogues such

as N-monomethyl arginine (L-NMMA), and aminoguanidine (AG) (15,16).

The latter is much more inhibitory to the iNOS rather than to the two

constitutive NOS (1 7-19). Our previous results indicated that maternaI

macrophages at the implantation sites of 29% of the embryos produced

significant amount of nitrite and nitrate, the oxidation products of NO.

Significantly, embryo survival was dramatically enhanced when

pregnant CBA/J mice were treated with aminoguanidine, indicating

that NO alone was essential for the embryo 10ss observed (8).
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Likewise TNF-a has also been shown to be involved in fetal

resorption. TNF-a is a multifunctional cytokine produced by a variety of

cell types. Depending on the stimulus and the cellular target, TNF-a has

cytotoxic, cytostatic, immunomodulatory, growth promoting and many

other activities (20). Exogenous TNF-a can induce abortion in the low

abortion and high abortion matings (21,22). Furthermore, inhibition of

TNF-a production by anti-TNF-a, or pentoxifylline increases embryo

survival possibly by preventing the TNF-a mediated triggering of NO

release (23).

Analysis of gene expression provides a more sensitive method for

the detection of cell activation. The mechanism of iNOS mRNA induction

in macrophages has been explored by cloning and sequencing the 5'

promoter region of the mouse iNOS gene (24-26). This region was shown

to contain binding consensus sequences for different nuclear factors

including the nuclear factor of KB (NFKB) heterodimers (27). In addition,

10 copies of IFN-r response elements ([-IRE), as well as consensus

sequences for interferon regulatory factor elements (IRF-E) have also

been found upstream of the iNOS transcription initiation site

(24,26,27). These findings outline sorne of the mechanisms by which

iNOS mRNA expression is induced in response to different stimuli.

Induction of TNF-a mRNA expression in macrophages has also been

shown to he influenced by IFN-y or LPS (28-30). Therefore, the
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persistence and accumulation of bath iNOS and TNF-a mRNA depend

on the continuous presence of extemal stimuli, thus making the

expression of iNOS and TNF-a mRNA a good indicator of macrophage

activation (24,25). While TNF-a is also produced by NK cells and the

presence of TNF-a could also be an indicator of NK cell activation,

quantitatively the major source of TNF-a production is the macrophage

(31,32).

The rationale behind these studies is that the priming of decidual

macrophages occurs in vivo prior to any apparent embryo damage. In

this paper, we show that the state of macrophage activation as

indicated by the simultaneous expression of iNOS and TNF-a rnRNA at

the implantation sites of individual embryos correlates with the

incidence of subsequent fetai wastage. These studies confirm at the

molecular level the association of NO and TNF-a \vith early embryo loss.

Materials and Methods:

Animais and Matings

CBAI J females (H2 k ) and Balb / c males (H2d ) were purchased from The

Jackson Laboratory (Bar Harbor, Maine) at an age of 8 weeks. OSA/2

males (H2d ) were acquired from Charles River (St. Constant, Quebec).
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- The animaIs were allowed to adjust to the housing conditions for 6-8

weeks, and then allowed ta mate. The housing and handling of the

experimental animals was in accordance with the guidelines of the

Canadian Council for Animal Care. Four CBA/J females were housed

with a single DBA/2 or a single Balh/C male, and checked daily for the

presence of a copulatory plug. The day of appearance of a mating plug

was arbitrarily designated as day O. In some~ pregnant CBA/J females

received intraperitoneal (i.p) injection of 60 j..lg of Poly I:C on day 7 to

augment embryo lasses (Sigma, St. Louis, MO). Treatment with poly I:C

has been shown to increase fetai resorption to 60% (2). AlI pregnant

females were sacrificed at day 8 of gestation, and individual embryos

together with implantation sites were detached from the uterine wall

and snap frozen in liquid nitrogen for subsequent RNA extraction. At

day 8, both the embryo and the implantation sites were used as sources

of total RNA due to difficulties in separating them.

Primers and Probes

The prlmers and probes for iNOS, TNF-a, and glucose 6

phosphate dehydrogenase (G6PDH) were synthesized at the Sheldon

Biotechnology Center (Montreal, Quebec) from previously published
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sequences. The nucleotide sequence of the primers and the probes are

shown in Table I.

Total RNA Isolation

Isolation of total RNA was done according ta the method

developed by Chomczynski and Sacchi (33). Briefly, individual

implantation sites were homogenized in 1ml of Trizol reagent (GIBCO,

Burlington, Ontario) using a Polytron power homogenizer (Tekmar,

Ohio, USA). The homogenized samples were incubated for 5 minutes at

room temperature ta allow the complete dissociation of nucleoprotein

complexes. Two hundreds ~tl of chloroform was added and the samples

\vere shaken vigorously for 15 seconds and then incubated for 2-3

minutes at room temperature. The samples \vere then centrifuged for 15

minutes at 12,000g at 4 oC . Following centrifugation, the mixture

separated into a phenol-chloroform phase, an interphase, and an

aqueous phase containing the RNA. RNA is then precipitated from the

aqueous fraction by mixing with isopropyl alcohol (500 ~ll) and

centrifugation for la minutes at 4 oC. After removing the supernatant,

RNA pellets were resuspended and washed once with 75% ethanol (1

ml) by spinning the mixtures for 5 minutes at 4 oC. At the end of this

procedure, the RNA pellets were air dried and then dissolved in RN-ase

free water. The concentration of RNA in the final solution was calculated

from the spectrphotometric readings at 260 nm wavelength. The RNA
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solution was diluted to a final concentration of 1J.lg/ J.lI and stored at -70

oC for further use.

Reverse Transcriptase (RT-PCRj analysis of iNOS, TNF-a and G6PDH

mRNAs

The reverse transcription reaction was prepared from 1 J.lI of 0.1

M OTT, 4 J.lI of 5X single strand buffer (GIBCO, Burlington, Ontario), 2

J.lI of 10 mM dNTP mix, 1 J.ll containing 40 units of RNase inhibitor

(Pharmacia), 1 ~L1 of 100 nM of random hexonucleotides and 1 J.lI

containing 200 units of M-MLV RT (GISCO, Burlington, Ontario). One

J.lg of total RNA was diluted in 10 J.lI of RN-ase free water and incubated

at 65 oC for 5 minutes, and then added to the reaction mixture to give a

total volume of 20 J.ll. After 1 hour incubation at 37 oC, the mixture was

diluted 1:8, heated to 95 oC for 10 minutes and stored at -20 oC for PCR

amplification. Amplification by PCR was done by adding 10 J.lI of the

cDNA synthesized in the reaction described above to 5 J.ll of lOX Taq

Suffer (10mM Tris-HCL, 1.5 mM MgCb. and 50 mM KCI) (Boehringer

Mannheim, Germany), and 1 J-ll of la pM of both sense and anti-sense

primers specifie for the cDNA to be amplified. The mixture \vas heated

for 5 minutes at 95 oC before the addition of 2.5 units of Taq

polymerase in 0.5 ~L1 (Boehringer Mannheim, Germany). PCR

amplification proceeded according to the following amplification

program: denaturation at 94 oC for 30 seconds; annealing at 58 oC for 1
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minute and 30 seconds; and extension at 72 oC for 40 seconds for 30

cycles followed by a final extension step at 72 oC for 10 minutes. The

PCR products were then stored at -20 oC for agarose electrophoresis.

Fifteen JlI of the amplified products were separated on 1% agarose in

TBE buffer (0.OS9M Tris, 0.089M TBE Borie acid, 2X10-4 EDTA)

containing ethidium bromide. The gel was washed in 0.25 N HCI for 5

minutes, 20 minutes in denaturing solution (4 g NaOH and 18 g NaCI in

200 ml of H20), and 20 minutes in neutralizing solution (36g NaCI and

200 ml of 1M Tris-HCl in 400 ml of H20) before being transferred under

pressure onto a nylon membrane (Amersham). The DNA was cross­

linked ta the membranes by baking in a vacuum oven for 2 haurs and

stored at room temperature for future hybridizatian.

Probe Labeling and Southem Blotting

The oliganucleotide probe (1 ~ll of 100 pmoles) was added to a

mixture containing 1 Jll of T4 polynucleotide Kinase (Pharmacia), 1 J.lI of

10X Kinase buffer (Pharmacia), and 5 J.lI of r-32P-ATP (Dupont). The

mixture was incubated for 1-2 hours at 37 oC, followed by 10-20

minutes incubation at 65 oC to inactivate the T4 Kinase. Eighty J.lI of TE

buffer was added and the mixture was loaded onto a Spun column

prepared from glass wool and Sephadex G50 in TE buffer to remove
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unbound r-32P-ATP. The column \vas centrifuged for 2 minutes and the

eluate containing the 32p labeled probe was quantitated in a J3 counter.

The membranes \vere first washed for 2-5 hours at 42 oC \Vith 10 ml of

a prehybridization solution containing 2.5 ml of 20X SSC (3 M NaCI, 0.3

M Na Citrate), 2 ml of 50 % Oenhardt (1 0
/0 of Ficoll, PVP, and BSA), 0.5

ml of 1 M NaPi, 3.5 ml of 20% SOS, and 100 JlI of 100 Jlg/rnl Salmon

sperm ONA (SSDNA) (Pharmacia). The membranes were then incubated

overnight at 42 oC with the hybridization solution which contained

sufficient labeled probe diluted in the prehybridization buffer to give 5 X

106 cpm. The membranes were washed with 200/0 SSC and SOS and

then the bands were visualized and quantified by phosphorimaging

using a Molecular Dynamics PhosPhorimager \vith ImageQuaNT 4.1

software.

Results:

Association of iNOS mRNA expression with early embryo loss

We have previously shown that decidual NO production was

associated with ernbryo resorption in low and high loss pregnancies.

Furthermore, we showed, using immunohistochemistry, that the

macrophages in the individual implantation sites express iNOS protein
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at day 8 of gestation (8). In this study, we have investigated the

expression of iNOS mRNA using RT-PCR and Southem blotting. Figure

1 shows a representative Southem analysis of individual implantation

sites from a single untreated (fig. lA) and Poly I:C treated (fig lB)

CBA/J x DBA/2 pregnancy. The basal level of iNOS mRNA expression

was determined by calculating the upper 95% confidence limit (VCL) of

iNOS rnRNA expression in aH embryos from low embryo loss matings of

CBA/J X Balb/C at day 8 of gestation. Expression values that \\rere

higher that the UCL were considered significantly increased. As shown

in fig. lA, '2 out of 10 (20%) embryos showed a significant increase in

iNOS mRNA expression. Like\vise, increased iNOS mRNA expression

was observed in 4 out of 7 (570/0) embryos when pregnant females were

treated with Poly I:C to augment the incidence of abortion (fig. lB).

Association ofTNF-a mRNA expression with early embryo loss

In these experiments, we examined the expression of TNF-a

mRNA in individual embryos ln relation to early embryo loss. Fig. 2

shows a representative Southem analysis of untreated (fig. 2A) and Poly

I:C treated (fig. 2B) individual embryos. Expression values that were

higher than the UCL for TNF-a of aIl embryos of CBA/ J X Balb/C

matings at day 8 of gestation were considered significantly increased.
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Significantly, Increased TNF-u rnRNA expression was observed in 2 out

of 10 of the embryos in the untreated and 4 out of 9 in the Poly [:C

treated females.

Simultaneous expression ofTNF-a and iNOS mRNA

We have previously shown that increased infiltration of the

decidua by maternaI macrophages was associated with early fetal death.

[n addition we showed that the decidual macrophages at the

implantation sites were primed in vivo as indicated by their expression

of iNOS and responsiveness to LPS. In this study, the expression of the

macrophage activation markers, iNOS and TNF-u, \vere determined in

individual implantation sites of both untreated and Poly [:C treated

pregnancies. Figure 3 sho\vs a representative mating examined in this

study. As shov.rn in the Southern Blot (fig. 3AL embryo numbers 4, 8,

and 9 showed an increased in iNOS mRNA and TNF-a rnRNA

expression. Furthermore, the number of embryos with a significant

increase in both TNF-a and iNOS mRNA expression corresponds to the

resorption rate observed in these rnatings. These studies at day 8 of

gestation confirmed that the deciduai macrophages were activated

before apparent embryo damage since the same embryos showed

significantly increased expression of two macrophage associated genes.

We then extended our investigations to look at simuItaneous expression

171



of iNOS and TNF-a mRNA expressIon ln induced resorption. As

expected, the results depicted in fig. 38 sho\ved an increased incidence

of simultaneous expression of TNF-u and iNOS mRNA in the putatively

resorbing embryos further confirming our previous results. An

occasional lack of concordance between iNOS and TNF-a expressIon

was observed.

Quantitative Densitometric analysis ofTNF-a and iNOS mRNA expression

In order to quantitate TNF-u and iNOS mRNA expreSSIon, we

performed densitometric analysis on implantation sites taken from

untreated and Poly I:C treated matings. The data \vas expressed as a

ratio of either TNF-a or iNOS normalized with a housekeeping gene

expression, G6PDH in this case. Figure 4a shows simultaneous

expression of TNF-a and iNOS mRNA [rom untreated pregnancies. Note

the existence of an increased expression in both TNF-a and iNOS mRNA

in the same embryos (black and open bars respectively). Basal

expression of TNF-a and iNOS mRNA was observed in the majority of

untreated embryos. Figure 4B documents densitometric studies for Poly

I:C treated matings. Embryos E2, E3, E4, and E5 showed increased

expression of both TNF-a and iNOS mRNA at the same time. Embryos,
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E6, E8, and E9 showed increased in iNOS mRNA expression, but basal

TNF-a mRNA expression.

We have previously shawn that embryos from normal low

resorbing matings display similar cellular and molecular events to non­

resorbing embryos of the spontaneously resorbing rnatings (4,8). These

studies further sho\ved a distinct bimodal distribution of resorbing and

non-resorbing ernbryos. In this study, the data for iNOS and TNF-a

mRNA of day 8 embryos was plotted as a frequency histogram. The

expression of bath iNOS and TNF-a mRNA showed a clear birnodal

distribution (fig. 5). The day 8 embryos from low embryo loss matings

showed relative iNOS and TNF-a expressIon of 0.0144 ± 0.038 and

0.026 ± 0.025 respectively, and the upper 95% confidence limit was

0.09 for iNOS and 0.08 for TNF-a expressIon. Using these values,

expression of either iNOS or TNF-a rnRNA were categorized as being

normal or significantly increased. As shawn in Table II, 32% of the

embryas in the group of mice showed a spontaneous increase in iNOS

mRNA expression corresponding ta an expected resorption rate of 20%­

30% (34). The percentage of embryos with increased iNOS expression in

poly I:C treated pregnancies of 54% is also in accordance with the

previously demonstrated incidence of induced resorption rate. These

results show that an increase expression of iNOS rnRNA is associated

with early embryo loss. The results presented in table III indicates that
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29.5 % of embryos showed spontaneously elevated expression of TNF-a

mRNA. This incidence increased to 52 % when females were treated

with Poly I:C. These studies demonstrated that increased TNF-a mRNA

expression was associated with the elevated incidence of embryo

resorption in normal and poly I:C treated CBA/J X DBA/2 matings.

Discussion:

The mechanisms by which allogeneic fetuses escape maternaI

immune surveillance are not fully understood. Suffice it to say that a

large fraction of pregnancies terminate unsuccessfully (35,36).

Exploration of this phenomenon has been focused on a mouse model in

which CBA/J females mated with DBA/2 males, spontaneously abort

22Q/0 to 28% of their litters. The incidence of embryo loss is unrelated to

litter size or paternal MHC expression (34). It was shawn that TNF-a,

which is produced by activated macrophages and NK cells induced fetai

death if administered ta pregnant females before day 10 of gestation.

Recently, vve showed that nitric oxide, a cytotoxic molecule produced by

activated macrophages, is associated with early embryo loss. Since

aminoguanidine, a preferential inhibitor of iNOS, successfully prevented

embryo loss, it was apparent that NO was the ultimate effector

molecules which caused the death of the growing fetus (8). Our previous
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studies showed the expression of iNOS protein in cells with macrophage

markers indicating that these decidual macrophages were the cellular

source of NO production at the implantation sites (8). However, the low

sensitivity of these assays prevented the accurate quantification of iNOS

activity at day 8 of gestation. In this study, using RT-PCR and Southern

blotting, we performed semi-quantitative analysis on iNOS and TNF-cr

mRNA expression at day 8 of gestation. The expression of iNOS and

TNF-a mRNA as markers of macrophage activation was studied in

implantation sites taken from both untreated and Poly I:C treated

pregnancies. The results sho\ved that 32% of embryos showed

spontaneously increased iNOS mRNA expressIon and 29.5% showed

increased TNF-cr expressIon when implantation sites were taken from

the untreated females. This percentage corresponded ta the expected

incidence of resorption for these mice (34). Similarly, 540/0 of the

embryos showed elevated levels of iNOS mRNA expression and 52%

showed increased TNF-a expression when mice were treated with Poly

I:C. Again this percentage correlated with the incidence of resorptian in

Poly I:C treated mice. These studies indicated that iNOS and TNF-a

expression was an excellent predictor of subsequent embryo resorption.

We also showed that when the number of potentially resorbing embryos

increased after Poly I:C treatment, increased iNOS and TNF-cr mRNA

expression was seen in a greater number of embryos. Hence, the
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expression of iNOS and TNF-a rnRNA at day 8 of gestation was an early

event that preceded embryo damage normally apparent after day 10.

Lipopolysaccharide (LPS) and many other cytokines including

IFN-, are known to induce the expression of iNOS mRNA in

macrophages. Further, treatrnent of pregnant mice with LPS and IFN-y

during early pregnancy induced fetai death confirming the association

of iNOS expression with early embryo 10S5 (37,38). Significantly, the

accumulation and persistence of iNOS mRNA expression ln

macrophages depends on the continuous presence of externai stimuli

usually provided by IFN-y (24, 25). Hence the expression of iNOS mRNA

is not only an indication of macrophage activation, but aiso the

presence of activating cytokines such as IFN -"1. The data further confirm

that the activation of macrophages is an early event ultimately leading

to early embryo 10ss.

Previous reports did not investigate the role of TNF-a in early

embryo 10ss at the single embryo level (39,40). Studies have shawn that

exogenous TNF-a significantly increased embryo death. Furthermore,

inhibitors of TNF-a production enhanced embryo survival (23). Previous

reports have examined neither TNF-a mRNA expression at the single

embryo level, nor the association with embryo resorption. Of note,

several reports have demonstrated the presence of TNF-a mRNA in

normal pregnancies (41,42). In addition, the expression ofTNF-a mRNA
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has been observed in cells that are physiological residents of

uncomplicated pregnancies (43,44). In this study, \ve showed that

29.5% of embryos showed an increased TNF-a mRNA expression, while

the remainder demonstrated barely detectable levels. This is in

agreement with the above mentioned reports, documenting low levels of

TNF-a in an normal ernbryos. This might indicate that at low

concentration, TNF-a. may have a morphogenetic role in ernbryonic

developrnent since we do not distinguish between expression by the

placenta or the ernbryo itself (45). It \vas also noted that sorne embryos

sho\ved increased expression of only iNOS mRNA, \vith basal levels of

TNF-a rnRNA expression in sorne Poly I:C treated females. This may be

due to the fact that the acute short term stimulation of cytokines

stimulated by Poiy I:C such type [ interferon (46), couid induce iNOS

mRNA transcription without affecting TNF-a expression, by activating

alternative transcription factors such as the interferon regulatory

factor- elernent (IRF-E) (27). The direct induction of TNF-a rnRNA

expression by type l interferon has not been reported.

More irnportantly, the results of this study demonstrated that the

embryos that showed an increase in iNOS mRNA expression are the

same embryos that displayed an increase in TNF-a mRNA expression.

The increased expression of both TNF-a and iNOS mRNA in the same

embryos indicated that those embryos were infiltrated with activated
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maternaI effector ceUs. Though TNF-a can be produced by either NK

ceUs or activated macrophages, our results do not conclusively indicate

which ceUs are responsible for the production of TNF-a~ but it is

assumed that the macrophages are the most probable source. We have

previously shawn the expression of iNOS in deciduai macrophages

using double marker immunohistochemistry (8). Further, it is generally

accepted that the expression of iNOS in macrophages is a strong

indicator of macrophage activation and that TNF-a expression was

necessary for NO production (8). On the other hand, neutrophils seern

to be an unlikely source for TNF-a rnRNA expression, since these ceUs

were not notably present in the decidua at day 8 of gestation (47). Poly

I:C induced NK ceUs cytotoxicity is independent of TNF-a production

(48). On the other hand, we can not exclude the possibility that NK

ceUs might be activated by IL-2 or IL-12. Both cytokines are known to

induce TNF-a production by NK ceUs (31). In both cases, \vhether TNF­

a was produced by NK cells or by macrophages, the results showed that

TNF-a expression increased before embryo damage occurred. The

results further showed that iNOS and TNF-a mRNA expression were

correlated \vith embryo resorption. Activation of macrophages and

expression of bath iNOS and TNF-a rnRNA could be a consequence of

IFN-, production by NK ceUs (49,50).
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The results agree with our worlcing hypothesis that in early

embryo 10ss, activated deciduaI macrophages cause most of the embryo

damage by producing nitric oxide and TNF-u. Prior to this event, NK

cells may induce the activation of decidual macrophages by producing

IFN-y and TNF-u. However, it appears unlikely that NK cells directly

mediate damage to the fetus, since NK cells directly isolated from

implantation sites are poorly cytotoxic when assayed with Yac-1 target

cells (Saines, unpublished data). During pregnancy, there was no

observed difference in the frequency of decidual cells expressing the NK

cytolytic molecule, perforin, between resorbing and non-resorbing

embryos indicating a lack of association with early embryo 10ss

(Haddad, unpublished data) and (51,52). However, it has been recently

reported that there exist several phenotype suhsets of NK-like cells in

the uterus and other sites, and it is possible that these NK subsets may

aIso differ functionally in terms of cytolytic activity and cytokine

production (53). Finally, it is generally accepted that two signaIs are

needed to induce the production of nitric oxide by macrophages (13).

Therefore, TNF-u produced by NK cells, macrophages or other cells

couid indirectly act as a secondary signal to trigger the production of

nitric oxide by primed deciduai macrophages which leads ta embryo

death.
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This study showed that increased iNOS and TNF-a rnRNA

expression at implantation sites are associated with early embryo loss.

Indirectly, these results confirm the presence of activated macrophages

at early implantation sites before the appearance embryo damage. This

data lends further support to the hypothesis that NO and/ or TNF-a are

the most likely terminal effectors involved in fetai death, and that

activated macrophages are the primary effector cells producing this

outcome.
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Figure Legends:

Figure 1. Expression of iNOS mRNA in individual embryos of

normal and poly I:C injected CBA/J females mated with X DBA/2

males. Total RNA was isolated from individual implantation sites of

untreated pregnant CBA/J females mated with DBA/2 males (A), or

from Poly I:C injected (60 Jlg) CBA/J females (8). Total RNA was

reversed transcribed and PCR amplified using primers specifie for iNOS.

The samples were separated on 10
/0 agarose gel transferred to nylon

membranes, and hybridized \vith 32p labeled iNOS probe. The

housekeeping gene, G6PDH was used as a control. The basal level of

iNOS mRNA expression was determined from calculating the upper 950
/0

confidence limit (UCL) of iNOS rnRNA in ernbryos from Low loss mating

combinations at day 8 of gestation. Expression values that \vere higher

that the UCL were considered significantly increased. Individual

embryos were assigned numbers at the bottom of the figure.

Figure 2. Expression of TNF-a mRNA in individual embryos of

normal and Poly I:C injected CBA/J females mated with DBA/2 males.

For technical details see legend for figure 1. Expression values that were

higher than the UCL for TNF-cr rnRNA expression at day 8 of gestation

were considered significantly increased. Individual embryos were

assigned numbers at the bottom of the figure.
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- Figure 3. Simultaneous expression of TNF-a and iNOS mRNA in

individual embryos of normal (3A) and Poly I:C treated (38) C8AIJ

females mated with D8A/2 males. For technical details see legend for

figure 1. Individual embryos were assigned numbers at the bottom of

the figure.

Figure 4. Densitometric analysis of TNF-a and iNOS mRNA expression

in CBA/J X DBA/2 matings. Simultaneous expression of TNF-a and

iNOS mRNA in individual embryos of normal (4A) and Poly I:C induced

(48) CBA/J females mated with DBA/2 males. Open bars indicate iNOS

expression and closed bars show TNF-a expression. Membranes were

hybridized with 32p labeled probes and subjected to densitometric

analysis. The relative expressions of TNF-cr and iNOS mRNA were

normalized to the respective G6PDH signal of each embryo.

Figure 5. Frequency distribution of iNOS and TNF-a mRNA expression

at day 8 of gestation. Relative expressions of TNF-cr and iNOS mRNA

were determined as described in the legend for fig. 1. Embryos that

showed iNOS and TNF-cr expression above the upper 95 % confidence

limit were considered as potentially resorbing as indicated by the

arrows.
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Fig. 1 Expression of iNOS mRNA in Individual
Embryos of Normal and Poly I:C Primed CBA/J
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Fig 2. Expression ofTNF-a mRNA in Individual
Embryos of Normal and Poly I:C Injected

CBAlJ Females
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Fig 3. Simultaneous Expression ofTNF-a and
iNOS mRNA in Individual Embryos of
Normal and Poly I:C Injected CBA/J
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- Fig. 4 Densitometric Analysis of Simultaneous
Expression ofTNF-a and iNOS

mRNA in Normal and Induced Pregnancies
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Fig. 5 The Frequency Distribution of iNOS and
TNF-a mRNA at Day 8 of Gestation
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Table 1. Primer and Probe for iNOS, TNF-a, and G6PDH Sequences

.' .

Specificities Oligonucleotide Sequences Expected PCR Product
(bp)

iNOS Sense GAGCCTCGTGGCTTTGGGCTCCTC 486

Antisense GCGACGACGGTCTTTGAAGCCTTC
Probe ACGTTCAGCACATCCTGCAAAAGCAGCTGC

TNF-a Sense CCAGACCCTCACACTCAGAT 498

Antisense AACACCCATTCCCTTCACAG
Probe CCAAGTGGAGGAGCAGCTGGAG

G6PDH Sense CTAAACTCAGAAAACATCATGGC 111

Antisense GGAAGGTGGTTCGACTATGTG
Probe GAGCAGGTGGCCCTGAGCCG
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Table Il. Association of iNOS mRNA Expression and Early Embryo Loss
in CBAlJ X DBAl2 Matings at day 8 of gestation

Experimenta1
groups

Number of
Mice tested

Implantaion
sites/mouse

Number of Embryos Percent of Embryos
with increased* with increased

iNOS expression iNOS expression

Untreated
Mice

Poly I:C
Treated

6

5

10.1±0.75

7.8 ± 1.6

20

21

32%

53.80%

* Expression of iNOS mRNA above the upper 95% confidence limit (> 0.09 relative units) established

for ail embryos from low 1055 matings of Balb/C X DBAl2 combination at day 8 of gestation was considered

significant. Untreated or Poly I:C (60 ~lg) treated pregnant mice were sacrificed at day 8 of gestation

Total RNA was isolated from individual embryos followed by RT-PCR and Southern blotting.

Membranes were visualized and quantitated by phosphorimaging, and the relative

expression of iNOS mRNA against a G6PDH control was determined.
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Table III. Association of TNF-a. mRNA Expression and Early Embryo loss
in CBAlJ X DBAl2 Matings at day 8 of gestation

•

Experimental
groups

Number of
Mice tested

Implantation
sites/mouse

Number of Embryos Percent of Embryos
with increased* with increased

TNF-u exoression TNF-<x, exoression

Untreated
Mice

Poly I:C
Treated

6

5

10.1± 0.75

7.8 ± 1.6

18

20

29.50%

51.24%

* Expression of TNF-o. mRNA above the upper 95% confidence limit (>0.08 relative units) established

for ail embryos from low loss matings of Balb/C X DBAl2 at day 8 of gestation was considered

significant. Untreated or Poly I:C (60 ~lg) treated pregnant mice were sacrificed at day 8

of gestation. Total RNA was isolated from individual embryos followed by RT-PCR and Southern blotting.

Membranes were visualized and quantitated by phosphorimaging, and the relative

expression of TNF-u. mRNA against a G6PDH control was determined.
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Discussion and Future Directions

Early embryo 10ss is one of the most common complications of

mammalian pregnancy that is responsible for more than 500/0 of embryo

failures observed in early stages of gestation. Spontaneous and induced

pregnancy failure in murine mating models proven to be invaluable in

elucidating the rr r hanisms that mediate early embryo loss. Using

these models, we have previously shown that the innate arm of the

immune system, through the involvement of natural lOUer cells and

macrophages, was associated in pregnancy failure. However, the

mechanisms by which natural killer cells and macrophages mediate

embryo abortion was not clearly understood. In this thesis, l have

presented data that has conclusively illustrated the role of macrophages

and natural killer cells in early embryo loss.

In chapter 2, we demonstrated that the production of nitric oxide

by activated decidual macrophages was associated with early embryo

loss. It was previously shown that two signaIs were needed ta induce

the production of nitric oxide by decidual macrophages. Therefore, cells

from implantation sites of individual embryos were tested for the

production of nitrite and nitrate with or without in vitro challenge with

lipopolysaccharide, a source for the second signal. Furtherrnore, using
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double immunostaining, decidual cells positive for both macrophage

markers, Mac-l and iNOS were demonstrated in implantation sites. The

results strongly suggested a role for NO, produced by activated decidual

macrophages, as an effector molecule in mediating early embryo loss

and showed that the in situ activation of decidual macrophages was an

early event preceding spontaneous abortion. In order to confirm that

nitric oxide indeed was responsib1e for the embryo loss observed, we

treated mice with arninoguanidine, a selective inhibitor for the

production of nitric oxide. The results showed that mice treated with

aminoguanidine showed a higher incidence of embryo survival than

untreated controls. This indicated that nitric oxide not only was

associated with embryo 10ss, but treatments that inhibited its

production increased embryo survival.

In chapter 3, we investigated the role of IFN-y as a first or primary

signal in inducing macrophage activation and embryo resorption. In

these studies, we studied the effect that the deficiency of IFN-y genes

and proteins had on early embryo loss. For this purpose, we used mice

that were either engineered to lack the IFN-y genes, or mice treated with

anti-IFN-y antibodies. The results showed that IFN-y deficient mice

were more resistant to LPS induced embryo loss than heterozygous

control mice. This suggested that IFN-y was needed for LPS induced
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embryo resorption and that decidual macrophages in IFN-y knockout

mice were nat primed and could not be activated when given LPS. We

further studied the expression of IFN-y and macrophage activation

markers simultaneously in the same embryos. Our results shawed that

macrophage activation, subsequent nitric oxide production, and embryo

10ss were the results of local IFN-y production.

It is very weIl established that Poly I:C induces embryo resorption

when injected into a variety of mouse strains. Poly I:C are synthetic

double stranded RNA that induces Type 1 interferon which causes NK

cell activation. Therefore, we investigated the mechanism of poly I:C

induced embryo resorption. The results indicated that IFN-y deficient

mice were significantly more resistant to Poly I:C induced abortion than

wild type mice. This suggested that the mechanism of Poly I:C induced

embryo abortion was, in great part, due to the production of IFN-y by

Poly I:C activated NK cells. The IFN-y produced might prime decidual

macrophages for nitric oxide production and embryo death.

Interleukin-12 (IL-12) has been first identified by its ability to

activate NK cells. Furtherrnore, it has been shown that IL-12 played a

fundamental role in regulating immune responses, particularly favaring

Th 1 cytokine production. Therefore, we studied whether the expression
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of IFN-t in sorne implantation sites was related to the presence of IL-

12. Single embryos studies using RT-PCR have shown that IL-12

expression was detected in the same ernbryos that also showed TNF-a,

IFN-t , and iNOS mRNAs expression. This suggested that IL-12 could be

involved in IFN-y expression and subsequent nitric oxide production

and embryo death.

In chapter 4, we studied the involvement of TNF-a in early

embryo loss. The rationale behind these studies was to show whether

TNF-a could provide IFN-y primed macrophages with the secondary

signal needed for the production of nitric oxide. The results showed that

TNF-a was associated with spontaneous and induced early embryo loss .

The results further showed that in the same embryos, the presence of

TNF-a \vas associated with the presence of IFN-y, and iNOS, indicating

that TNF-a was associated with macrophage activation and nitric oxide

production. Conversely, the results did not clearly exclude the

possibility that TNF-a can induce direct damage to the embryo. In any

of the cases, the mere presence of TNF-a would provide a secondary

signal for the primed macrophages to trigger nitric oxide production.

The results presented in the present thesis demonstrated the

cellular and molecular effectors associated with early embryo loss.
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Future studies should address the nature of the initiating signals. In

this regard, a number of hypothesis has been postulated. The mere

presence of natural killer cells and T-cells with the 1/8 T-cell receptors at

the implantation sites suggested that any or all of these cells could be

involved. Besides, natural killer cells has been shown to be associated

with early ernbryo 10ss. Furthermore, different factors known to induce

natural killer cell and y/8 T cells activation have been reported to be

expressed at implantation sites. The conventional T-cells with a/~ T cell

receptors or B-cells are unlikely to be involved. First, these cells are

rarely present early in gestation and second, the implantation sites are

deficient in the classII MHC antigens needed to mediate recognition by

a/p T cell receptors bearing cells.

Finally, we envisage a model which incorporates the

demonstrated cellular and molecular mediators of early embryo 10ss.

The immunological initiating events rnay involve the activation of [18 T­

cells but certainly involves NK cells. While in successful pregnancies the

outcome of this activation is the production of TH2 cytokines such as

IL-3, IL-4, and IL-ID, in early embryo 10ss the production of TH l

cytokines such as IL-12, and IFN-y becornes dominant.

In early embryo loss, IL-12 produced by activated y/8 T-cells induces

activated NK cells to produce IFN-y and TNF-u. IL-12 can also be
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produced by decid:lal nlacrophages forming a positive feedback loop

leading to IFN-y production. The production of the latter provides the

necessary signais for the activation of decidual macrophages, nitric

oxide production, more TNF-a production, and killing of the growing

embryo.

Further studies should address the nature of the initiating signal

and further to determine the nature of the initial cytokines produced by

[/8 T-cells and NK cells. More impartantly, future studies should

deterrnine the type of damage seen in the killed embryos. Our

prelirninary data suggests that the damage is inflicted ta the placental

cens which support the growth of the embryo by apoptosis or

programmed cell death, and not the embryo itself.
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